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THE USE OF CHELATING 1\G-ENTS IN THE SEP illATION OF THE 
RARE EARTH ELEMENTS BY ION-EXCHANGE METf-IODS 
by 
E. ,J. Wheelwright and F. H. Spedding 
AJSTRACT 
'I'he research described in this thesis was undertaken in order 
to accomplish two main objectives. The first was . to measure the 
stability of the complexes formed by e<::lch of the trivalent rare 
earth cations with ethylenediamlnetetraacetic acid, abbreviated 
EDTA, and with N-hydroxyethylethylenediaminetriacetic acid, 
abbreviated HEDTA. The second objective was to find methods for 
using the two chelating agents in conjunction with an ion-exchange 
resin for separating the rare earths. 
The stability constants of the complexes formed between the 
rare earth metal ions and the anion of ~DTA have been measured at 
a temperature of 20.0°C and an ionic strength of 0.10 by two inde-
pendent methods. The two methods are shown to supplement each 
other, one being more accurate for the lighter rare earths and the 
second method more accurate for the heavy rare earths. 
In the first method, the rare earth-EDTA stability constants 
were calculated from measurements of the equilibrium constants of 
reactions involving competition between SDTA. and a polyamine 
chelating agent, tri&~inotriethylamine, for the rare earth ions 
and copper ions. The equilibr-ium constants were calculated from 
pH measurements upon the various reaction mixtures. 
The second method is based upon the fact that it is possible 
to measure the concentration of free uncornplexed copper II ions 
in the presence oi' the copper complex, cuy-2, by polarographic 
means. 'l"~'ne rare earth-EDTA stability constants were determined 
by measuring the amount of copper II ions liberated when equal 
molar ar:1ounts of the copper-EDTA complex and a rare earth salt 
are ~ixed together. 
The acid association constants of HEDTA were calculated from 
pH titration curves obta.ined by potentiometrically titrating the 
acid with standard KOH at 2).0°C and an ionic strength of 0.10. 
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The stability constants of the complexes formed between tne 
rare earths and the anion of HEDTA were measured at a temperature 
of 25.0°C and an ionic strength of 0.10. The methods used were 
the same as those described for measuring the rare earth-EDTA 
stability constants. In this case, the potentiometric method is 
shown to give more accurate constants. 
v 
A rapid method for separating the individual rare earths into 
enriched fractions has been developed. The process consists of 
complexing part of the rare earths in a mixture -- those rare 
earths which form the more stable complexes -- with EDTA and sepa-
rating the complexed rare earth ions from the uncomplexed ions by 
passing the mixture through an ion-exchange column in the ammonium 
cycle. The complexed ions pass through the resin bed, but the 
uncomplexed ions are adsorbed. 
A method has been found for separating pure rare earths in 
macro quantities from rare earth mixtures. The method consists of 
eluting a band of mixed rare earths, adsorbed on a cation-exchange 
resin, through a second cation-exchange resin bed in the copper II 
or iron III stateo Copper was found to be far superior to iron. 
The eluant consists of an ammonia-buffered solution of EDTA. 
The elution of a mixture of all of the rare earths down an 
ion-exchange bed with an ammonia-buffered solution of HEDTA indi-
cated that this chelating agent is not as effective for separating 
the heavy rare earths as the EDTA-copper II system under the 
conditions tested. 
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THE USE OF' CHELATING AGENTS IN THE SEPARATION OF THE 
RARE EARTH ELEMEN'l'S BY ION-EXCHANGE ME'l'HODSl 
by 
E. J. Wheelwright and F. H. Spedding 
INTRODUC'l'ION 
The group of elements with atomic numbers 58 through 71 are 
commonly known as the rare earths o Element 57, lanthanum, though 
not possessing a 4f electron, is the first element to have the 
rare earth like 5dl 6s2 outermost electronic configuration and 
consequently is included in the rare earth family by most authors. 
Because of its trivalent character~ ionic size, chemical properties, 
and existence as a major constituent in many rare earth ores, the 
element yttrium is also included in many systematic studies of 
the rare earths. While most of the rare earths having odd atomic 
numbers are quite scarce, it must be pointed out that many members 
of the series are sufficiently abundant to permit production in 
technical quanti ties if important uses develop. As a family, the 
rare earth elements account for 0. Ol7u of the igneous rock of the 
earth's crust o 
At present, the createst demand for pure rare earth elements, 
other than lanthanumj) cerium, and perhaps neodymium, is for funda-
mental scientific research. Since the rare earth atoms differ 
from each other essentially only by the number of electrons con-
tained in the shielded 4f subshell and the number of protons in 
the nucleus, their unique physical and chemical properties, such 
as ionic size, make t:hem valuable tools for testing many of the 
theories that have been proposed in physics and chemistry. 
Even though these elements are relatively abundant in nature, 
they are usually found in quite low concentrations in their ores, 
and are always associated with each other. Their similar chemical 
properties make it extremely difficult to isolate them individually 
in pure form by classical physical chemical methods such as frac-
tional crystallization and precipitation. In recent years, however, 
ion-exchange techniques have been applied with great success to 
this separation problem, and all of the rare earths are now avail-
able in kilogrrun quantities with a purity of 99.99% or greater. 
lThis report is based on a Ph.D. thesis by E. ,J. Wheelwright 
submitted June, 1955, to Iowa State Collee:e, Ames, Iowa. This 
work was done under contract with the Atomic Energy Commission. 
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The ion-exchange methods which have proven most successful 
involve the use of an organic chelating agent as the eluant. 
The successful separation of the rare earth elements by such a 
method depends for the · most part upon the differences in the 
stability of the complexes formed between individual rare earth 
elements present in a given mixture and the chelating agent in 
the eluant o 
The research described in this thesis was undertaken in 
order to accomplish two main objectives. The first objective 
was to measure carefully the stability of the complexes formed 
by each of the trivalent rare earth cations with ethylenediamine-
tetraacetic acid, abbreviated EDTA, and with N-hydroxyethylethylene-
diaminetriacetic acid, abbreviated HEDTA; both of which are known 
to form quite stable metal chelates. Such a series of constants 
would provide both theoretical information concerning the in-
fluence of the size of a cation upon its physical and chemical 
properties, and also would indicate the effectiveness of such a 
chelating agent in separating the individual rare earths by ion-
exchange or other means. The second objective of this research 
was to find methods for using the two chelating agents in con-
junction with an ion-exchange resin for separating the rare earths. 
MEASURENIENT OF THE STABJL I'I'Y OF THE RARE EARTH COMPLEXES 
WITH ETHYLENEDIAMINETETRAACETIC ACID AND WITH 
N-HYDROXYETHYLETHYLENEDIAMINETRIACETIC ACID 
Historical Review 
Methods used to detect the presence of metal chelates 
When a metal ion combines with an electron donor, the re-
sulting substance is said to be a metal complex, or coordination 
compound. If the molecule which combines with the metal contains 
two or more donor groups, one or more rings are formed. The 
resulting substance is called a chelate compound, and the donor 
containing molecule is said to be a chelating agent. The electron-
pair bond formed between the metal and the donor group may vary 
in type from essentially ionic to essentially covalent, depending 
upon the metal and the chelating agent. Morgan and Drew (1) were 
the first to use .the term chelation to describe this type of co-
ordination structure. 
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The chelating agent ethylenediaminetetraacetic acid, which 
has the structural formula 
HOOC - CH2 /CH2 - COOH 
'-.... N-CH2 - CH2 - N '-.... 
HOOC - CH2 / CH2 - COOH 
3 
was prepared first by Fick and Ulrich (2). These authors describe 
a method in which ethylenediamine and hydrogen cyanide are reacted 
with formaldehyde in aqueous solution at a pressure of one atmos-
phere and room temperature to give the tetranitrile, which can 
then be converted to EDTA or its tetra sodium salt by acidic or 
basic hydrolysis. 
N-Hydroxyethylethylenediarninetriacetic acid, with the structure 
' 
was first described by Chaberk and Bersworth (3) in 1953. These 
workers have not as yet published a description of the method used 
for the preparation of this compound. Only two papers have been 
published describing any of the chemistry of HEDTA. 
There are a great many methods which various workers have 
used to show evidence for the existence of metal chelates. No 
attempt will be made to review all of these, but a few which apply 
to EDTA and HED'I'A complexes will be briefly described. This 
section contains only those methods which have been used in a 
qualitative manner. The methods which have been used to give a 
quantitative measurement of the stability constants are described 
in a later section. 
Tne isolation, purification, and chemical analysis of crys-
talline compounds is a widely used method of indicating the 
presence of chelates. Britzinger, Thiele, and Miller (4) were 
able to isolate some lavender-colored crystals which a chemical 
analysis showed to be the tetrahydrate of sodium-(ethylenedi-
arninetetracetato)-cobaltate III. Stronp, evidence for a hexadentate 
chelate structure was obtained when dehydration of the lavender-
colored crystals at l50°C removed all of the water but did not 
chang e the color of the crystals. 
A second method for detecting the formation of metal chelates 
is the alteration of the normal chemical behavior of a metal ion 
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in solution. For example, calcium carbonate will not precipitate 
from a solution containing calcium ions when an excess of the 
sodium salt of EDTA has been added. Oxalate will not precipitate 
calcium from a calcium-EDTA complex in a solution whose pH is 
above 10. Dimethylglyoxime will not precipitate nickel from the 
nickel-EDTA complex in a solution of pH 6.5. Chaberek and 
Bersworth (3) report that the iron III-II'HiDTA chelate is stabilized 
against hydrolysis to the extent that the chelate is completely 
stable against alkali hydroxide precipitation. 
The color of chelate compounds is generally accepted as being 
so significant that colors are carefully described in reports of 
chemical investigation of these substances. The intensification 
of color is usually considered an indication that a chelate is 
present. These color changes were str'ikingly illustrated during 
the preparation of one of the solutions f'or this research. The 
color of a copper II chloride solution changed from blue-green to 
a very deep blue upon the addi tlon of the disodium salt of ~DTA. 
Moeller and Brantley (5) have shown that essentially all of the 
absorption bands in the neodymium spectrum are altered by the 
presence of EDTA, the most striking effects occurring in the 5780 l 
region. Similar effects were also found in the spectra of tri-
positive gadolinium, holmium, and erbium. 
The effective disappearance of ions in solution by the forma-
tion of metal chelates may be follow~d by electrical-conductance 
measurements. Martell (6) used this method to follow the titration 
of ethylenediaminetetraacetic acid with sodium hydroxide and with 
calcium hydroxide. He found that with the sodium hydroxide titra-
tion, a simple minimum was found when the conductance was plotted 
as a function of the equivalents of base added; indicating that a 
simple neutralization had taken place and that the metal ion was 
not strongly chelated. The conductance curve for the titration 
with calcium hydroxide paralleled the sodium hydroxide curve to the 
minimum value of the latter. Once the mono-calcium diacid salt was 
formed, further addition of calcium hydroxide did not increase the 
conductance until after the complete addition of a full mole of 
calcium hydroxide. The calcium results were interpreted as in-
volving a simple neutralization reaction, followed by a chelation 
reaction. The conductance remains practically constant during the 
second reaction because the addition of calcium hydroxide results 
in the replacement of one bivalent ion with another of practically 
the same size. 
It should be pointed out that an investigator might be in 
error in assuming chelate formation on the basis of one or perhaps 
two of the methods which have been described, as alternate inter-
pretations of the physical chemical phenomenon are possible in 
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some cases. It is necessary, therefore, to enmasse as much 
independent evidence as possible before stating that the ex-
istence of a chelate is proven. 
Nature and structure of the metal complexes of EDTA 
It is possible for the anion of EDTA to serve a-s a tetra-, 
penta-, or hexadentate chelating agent, depending upon the spe-
cific metal ion involved. The hexadentate structure is shown as 
an octahedral configuration, utilizing both nitrogen atoms and 
all four carboxyl groups. In most chelates such a structure 
would involve a good deal of strain so an alternate structure, 
5 
in which one of the carboxyl groups is displaced in the coordina-
tion sphere by a water molecule or some other donor group, has 
been postulated. The literature indicates that either structure 
may exist, depending upon the s p ecific ion i~volved and the 
conditions of the solution • 
. Pfeiffer and co-workers (7,8,9) have described the prepara-
tion and some of the phy sical and chemical properties of compounds 
that are formed between EDTA and the alkaline earth elements and 
copper. At about the same time, Brintz inger and co-workers 
(4,10,11) conducted similar experiments with EDTA complexes of 
some of the heavy metals, some light rare earths, lithium, beryl-
lium, thorium, and uranium. Both of these workers attempted to 
elucidate the nature or structure of the various compounds which 
they had prepared on the basis of physical properties, stability 
toward various precipitating agents, solubility, and color. 
Brintzinger reported the preparation of the tetrahydrate of 
sodium- ( e'thylenediaminetetraceta to) -cobal tate III and found that 
the color of the deep lavender crystals was not altered by complete 
dehydration at 150°C. Such a color stability is good evidence 
that EDTA serves as a hexadentate chelating a gent and that water 
is not involved in the primary coordination structure. 
Schwarzenbach (13) prepared a number of cobalt III complexes 
containing pentadentate EDT.A and . a second donor substituent. The 
removal of the second group then yielded a hydrate of the hex-
adentate complex. It was demonstrated that when a water molecule 
is actually coordinated, a reversible color change from red to 
blue takes place as the pH is increased. This is attributed by 
Schwarzenbach to the conversion of the monoaquo complex to mono-
hydroxy complex. The monoaquo species may be converted into the 
red hexadentate species by boiling, as evidenced by the fact that 
the reversible color change no longer occurs. 
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Perhaps the best evidence for the existence of a cob alt III 
complex in which EDTA is hexadentate has been found in t h e infra-
red spectrum of some pentadentate and hexandentate species by 
Busch and Bailor (12). They prepared the pentadentate complexes 
bromo-(ethylenediaminetetraacetato)-cobaltate III and nitro-
( e.thylenediaminetetraacetato) -cobal tate III. The hexadentate 
complex was prepared from the bromo complex by triturating with 
silver oxide. The infrared spectra for the pentadentate complexes 
exhibited two carbonyl bands. The stronger band was attributed 
to the presence of three coordinated carboxyl groups while the 
weaker band was associated with the free carbonyl group. Only 
one carbonyl band appeared in the infrared sp ectrum of the hex-
adentate chelate, thus indicating the equivalence of the four 
coordinated carboxyl groups. 
Klemm and Raddatz (14) measured the magnetic susceptibility 
of the nickel II-EDTA complex which Brintzing er and Hesse had 
prepared. Since the salt was not diamagnetic but exhibited para-
magnetic properties of the smne order of magnitude as the uncom-
plexed nickel II ion, and since the salt was blue, these authors 
concluded that the complex was either tetrahedral or octahedral 
rather than the covalent planer type and was predominately ionic. 
Two years later Klemm (15) published data on the magnetic properties 
of the EDTA complexes with iron III, cobalt III, and chromium III. 
The data on the chromium complex were inconclusive because the 
covalent and ionic complexes have the same susceptibility. The 
iron III complex was found to be ionic ru1d the cobalt complex was 
found to have covalent octahedral bonding. 
Work on the iron III complex of EDTA i ndicates clearly that 
in the case of the complex FeY-, where Y is used to indicate the 
various anionic species of EDTA, tb.ere is no free carb oxyl group 
present. Jones and Long (16) prepared the solid compound HFeY of 
high purity and concluded from an analysis of C, H, N, and Fe that 
there was no water in the coordination s phere of the acid. This 
fact was confirmed by a titration of the acid with standard base. 
The authors point out that HFeY behaves exactly like a completely 
strong monobasic acid to pH 7• However, at a higher pH a second 
inflection occurs, accompanied by a color chang e due to the forma-
tion of the deep orang e Fe(OH)Y-2; indicating that Fe(OH)y-2 is 
probably pentadentate. This was pointed out earlier by Schwarzen-
bach and Heller (17) who indicated that the iron III complex, 
Fe(OH)zy-3, as well as the iron II complexes, Fe(OH)y-3 and 
Fe(OH)2y-4, can be formed. These hydroxo complexes are formed by 
the stepwise decomposition of the hexadentate complexes, with 
hydroxyl ions replacing , the carbonyl groups in the coord ination 
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sphere of the metal ion. Schwarzenbach and 3iedermann (18) report 
the formation of hydroxo complexes with Al III and Cr III at high 
pii values. 
At the present time, no direct investigation of the st:ructure 
of these various chelates using the techniques of electron or X-ray 
diffraction has been reported. When such studies are ma.de, the 
true nature and structure of the chelates will be better understood. 
Methods which have been used to determine the stability constants 
of the EDTA and HEDT,\ com· lexes 
Potentiometric H • T'ne pH of a solution is dlways directly 
affected by chelate formation because all chelating agents are 
either acids or bases. Consequently, one of the most widely used 
methods for the determination of chelate stability constants has 
been the po tentiometric measurement of the hydrogen ion concentra-
tion of a reaction mixture. 
Method A. Schwarzenbach and his co-workers (19,20) have 
determined the stability of the complexes that are formed between 
the alkaline ear.th metal ions and EDTA. 'lbe process involved the 
titration of EDTA with standard potassium hydroxide in the presence 
of a fifteen-fold excess of an alkaline earth metal ion. The 
titrations were carried out at a constant ionic strength in the 
presence of 0.1 M potassium chloride. The pH was measured from 
the potential of the hydrogen electrode versus the silver-silver 
chloride electrode. In order to satisfactorily explain the titra-
tion results which were obtained in the presence of excess calcium 
II, it was found necessary to assume the formation of complexes 
between calcium II and two specific anionic species of EDTA 
according to the equation: 
(I) 
and 
0 (II) 
The two desired stability constants were defined as follows: 
(1) 
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and 
(2) 
Schwarzenbach proposed a graphical procedure for computing these 
stability constants from the total concentration of EDTA, total 
concentration of the specific alkaline earth present in solution, 
the amount of KOH added, and the pH of the solution. Martell and 
Calvin (6) have proposed an algebraic method which accomplishes 
the same objective. 
This method proved satisfactory for measuring complexes of 
low to intermediate stability. For very strong complexes, such 
as those formed with the rare earths (21), the equilibria in equa-
tions I and II lie too far to the rigpt to permit accurate calcula-
tion of the equilibrium concentrations of the various ionic species 
from the pH measurementso 
Method B. Vickery (22) used a modification of the above 
procedure to determine the rare earth-EDTA stability constants. 
The titrations were carried out at 20°C in a solution whose ionic 
strength was adjusted to a value of 0.10 with KCl. The solution 
pH was determined by a saturated calomel-glass electrode system. 
The constants were calculated from the pH titration curves by a 
modification of Bjerrum 1 s stepwise equilibrium theory. Vickery 
has been criticized (21,23) for errors in this particular paper. 
He defined the stability constants by the equation 
It has been pointed out by critics that complexes of the composi-
tion MHY, containing a proton and a rare earth cation simultaneously, 
do not occur in the equilibrium mixtures. In spite of the obvious 
errors in the paper itself and the large experimental errors in-
volved in determining the stability constants of very stable 
complexes by direct methods, the constants reported by Vickery are 
of about the right order of magnitude indicating that equation (16) 
must have been important in his calculations. 
Method c. The simple titration procedure described under 
method A has been considerably modified by Schwarzenbach and his 
co-wo·rkers (24, 25 ~ 26) so as to be applicable to the measurement 
of the stability constants of very stable complexes. This method 
.. 
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involves ~he use of two chelating ag ents competing with each other 
for possession of a heavy metal ion (M) and a second auxiliary 
metal (rvie) wh ich forms a very stable complex with one of the 
che l ating agents but does not complex with the second chelating 
ae-ent. Since this metho d was emp loyed in t h e present research 
to measure the r ar e earth complexe s that are formed with EDTA and 
with HEDTA, it is describ ed in a l a ter section • 
Potent iomAtric (Redox). Two general types of non- pH potentio-
metric methods have been used to determine chelate stability 
cons tants. In one method, the oxidized or reduced form of a 
cation is po tentiometrically titrated with an oxidizing or re-
ducing titrant in the presence of an excess of the chelating a gent. 
The second method involves measuring the emf of a cell in which 
the cell re a ction can be directly related to the formation of the 
des ired chelate. 
Meth od A. Schwarzenbach and Heller (17) made a study of the 
oxidation-reduction equilibrium systems for the EDTA complexes of 
iron II a n d iron III. The procedure involved the use of a gold 
electrode to follow the titration of iro n II sulfate with iodine 
in the presence of an excess of EDTA. All measurements were 
conducted at 20°C in solutions whose ionic strength was maintained 
at 0. 10 with KCl. Various buffer systems were used in order to 
extend t he investigation to pli values ranging from 2.3 to 8 .4. 
By using a rather complex graphic and algebraic analysis of the 
experimental data, Schwarzenbach and Heller were able to calculate 
the stability c9nstants for the normal iron II and iron III 
complexes.:~ r,ey-2 and FeY-. Th ey also calculated equilibrium 
constants for the reactions by whi~h the various hydroxy complexes 
are f ormed from F'eY- and from FeY- • 
lVI ethod I3. In a recent series of papers, Carnie and Martell 
(27 , 28 ,29 ) have described a method for measuring the true ~hermo­
dynami f equ ilibr i um constants for the reactions betwe~n M+2 ( aq) 
and Y-t+(aq) where M+2 is an alkaline earth ion and y-4- is, of 
course 1 the anion of EDTA. 'l'he exp erimental method consists of 
measurin~ t h e hydrogen-ion activities in solutions consisting of 
an a lkaline earth metal ion, EDTA, and an inert supporting 
electrolyte, under equilibrium and reversible cqnditions. This 
was accomplished by measuring the emf of the cell. 
Pt-H2, ~+(ml), M+2(m2), Cl-(m3), Hnyn-~(mLL), AgCl-Ag, ~here 
n may be varled from 0 to 2. The emf data lS Iaken for varlous 
cell temperatures f rom 0 to 30°C and various concentrations of 
m1, m2, m3, and m~. It is required that the ratio 
(mM +2) (mHnyn-4) . (mMy-2) (mel-) be constant by the method 
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employed to extrapolate the emf data to infinite dilution for 
each experimental temperature. The standard free energy change, 
~F0 , was calculated at each experimental temperature for the 
reaction 
M+2 ( aq) + y-14 ( aq) ~ rfi-2 ( aq) 
from the extrapolated data. The extrapolation was made with the 
Debye-Hllckel limiting law and the values of ~H0 , ~S0 , and the 
thermodynamic equilibrium constants were calculated by the usual 
equations. 
Polarographic. Two general methods for the determination of 
chelate stability constants are known in polarography. The first 
method evaluates the stability constant in terms of the displace-
ment of the half-wave metal reduction potential that is produced 
by the addition of a chelating agent to the metal-ion solution. 
This method can be applied only if the electrode process is re-
versible and the equilibrium between the free metal ions and the 
complex is completely mobile. If, however, the rate of formation 
and dissociation of the complex is sufficiently low, then although 
the equilibrium in the vicinity of the electrode is disturbed by 
the process, the restoration of the equilibrium does not proceed 
at a sufficient rate to contribute to the wave height. In this 
case another method can be applied because the free and complexed 
ions almost always have different electro-deposition potentials 
and thus give rise to separate waves. The height of each wave is 
proportional to the concentration of the wave-producing species 
in the solution • 
.Method A. ,-\.s was previously stated, the characteristic half-
wave potential (E1; 2 ) of a simple metal ion is shifted when the 
metal ion is complexed by a chelating agent. The magnitude of 
this shift varies with the concentration of the chelating agent. 
Thus, by measuring the shift of E1; 2 values as a function of the 
concentration of the chelating agent, it is possible to obtain 
information concerning the formula and stability of the metal 
chelate. If the oxidized form of the metal ion - is denoted by 
Ox, the reduced form by Red, the chelating agent by X, the co-
ordination number of the oxidized form of the cation by p and 
the reduced form by q, the following equations and their respec-
tive stability or equilibrium constants can be written: 
Ox+ pX~ Ox~ 
Red + qX ~ Red Xq 
and 
= LOxXpJ 
£"oxJLx.JP 
= LRed x9J 
LRedJLxJq 
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(3) 
If equations (3) and (4) are solved for £"ox_7 and ~RedJ and 
these values are substituted into the well-known Nernst equation, 
the following is obtained: 
(5) 
Equation (5) can be simplified by remembering that the half-
wave potential, E1/2, is the potential at which half of all of the 
oxidized form which reaches the electrode is reduced to the corre-
sponding reduced form. Therefore, when: 
then 
~OX.XpJ= LRed XqJ 
and equation (5) reduces to 
El/2 = E0 + 0.059 
n 
log KRed 
Kox 
• (6) 
\ 
Equation {6) shows that the half-wave potential is a function of 
the ratio of the two stability constants, the number of groups co-
ordinated to the oxidized and reduced ions, and the concentration 
of the complexing agent. 
Equa tion {6) can be modified in a variety of ways to give the 
desired results. If equation (6) is differentiated with respect 
to log ~x_7, (p-q) values can be calculated from the slope of the 
straight line obtained by plotting measured values of E1/2 versus 
concentrations of X, expressed as log LX_7,. The ratio kox/KRed 
can be calculated from equation (6) by substituting the experiment-
al value of El/2 found at LX_7 = 1 and solving the equation. 
Thus, if one constant is known the other can be calculated. In 
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the special case, when the complex is reduced to the metal 
amalgam at the mercury cathode, no reduced form of the complex 
exists, so equation (6) can be simplified to g ive equation (7). 
( 7) 
Equation (7) g ives the single stability constant directly in terms 
of the value of El/2 when the concentration of the uncomplexed 
chelate is unity. · 
Using a modification of this procedure and a streaming mercury 
electrode, Koryta and Kassler (30) evaluated the nitrilotriacetic 
acid complexes of cadmium, zinc, and lead at various ionic 
strengths. An attempt to mea·sure the ED'rA complexes of the same 
metal cations failed because the constants were more stable than 
the upper limits of the polarograp~ic method that was used. In 
a later publication, Matyslca and Kdssler (31), using a slightly 
different modification, eval~ated the formation constants of three 
mercury ED'TA complexes, Hgy-2, }lfl..aY-, and IIgCnY-3 at 20°C and an 
ionic strength of 0.10. 
Method B . The basic principle of this method was stated in 
the polarographic introduction. In a solution containing free 
ions and complexed ions, each species is reduced at the mercury 
electrode at a different potential. n1us, each species will con-
tribute its own individual wave. The height of the wave, which 
is a reflection of the electrode diffusion current, is a direct 
measure of the concentration of the species in the solution. The 
polarograph serves merely as an analytical tool for measuring the 
concentrations of the reactants and uroducts of a chemical reaction. 
This method was used to measure the HEDTA and :SDTA complexes of 
the rare earths in the present research. An exact description of 
the procedure and a derivation of all of the equations are presented 
in a later section of this thesis. 
The mechanism of the reaction between copper II and the 
cad.rnium-EDTA complex was studied by Acl~ermann and Schwarzenbach ( 32) 
using the above method. They found that the reaction proceeds 
simultaneously via four different reaction paths bro~ght about 
through ~he collision of the copper II ion with CdY-2, CdHY-, .dY-3, 
an? H2y-2 which are all in permanent equilibrium with each other. 
The EDTA complexes of titanium III and titanium DJ have been 
studied by 3lumer and Kalthoff (33). They re por t that complexes 
of the probable formula TiY- and TiY are formed a t pH values less 
than 2.5. At higher values, the electrode p rocesses are 
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irreversible and dependent upon the solution pH. · The authors 
assumed such pH dependence to be caused by the formation of hydroxy 
complexes. A value for the stability constant of the TiY comple~ 
was calculated. 
Pocsok and Maverick (34) found that the titanium III and 
titanium IV EDTA complexes yield well formed reversible polaro-
graphic waves. Below pH 2 the half-wave potential is independent 
of pH and above 2.5 the dependence is linear. As the pH is in-
creased, the waves become more irreversible, the diffusion currents 
are diminished, and the solution becomes colloidal. They found 
that the diffusion current of the wave is a direct measure of the 
concentration of the complex in the presence of either an excess 
of titanium or of EDTA. Measur.ements of the pH, total titanium, 
total EDTA, and the diffusion current indicate that TiY is reduced 
to TiY- below pH 2. The stability constants for the complexes TiY-, 
TiOY-2, and TiY were calculated from known total EDTA and titanium 
concentrations, and four acid dissociation constants of EDTA, and 
the diffusion current data. 
A series of stability constant ratios have been evaluated by 
Bril and Krumholz (35) using a displacement method. They investi-
gated the systems copper-EDTA with nickely lead, cadmium, and 
zinc; cadmium-EDTA with zinc; and lead-EDTA with zinc. From the 
polarographically measured equilibrium concentration of the metal 
M+2 and the known total analytical concentrations, an equilibrium 
constant can be calculated for equation (III). 
(III) 
This equilibrium constant is, of course, the ratio of the two 
individual chelate stability constants. All measurements were 
carried out at 20°C and in solutions maintained at an ionic strength 
of 0.10 with KN03 • Actual thermodynamic constants were determined 
by extrapolating the data to infinite dilutions. 
This polarographic method has been used very extensively by 
Schwarzenbach and his co~workers (36,37) to evaluate heavy metal 
stability constants of EDTA and also of cyclohexanediaminetetra-
acetic acid (CDTA). They report measurement of the stability 
constants of the vanadium complexes VY-2, VY-, vHY-, V(OH)y-2, 
voy-2, and VOir£-. A second paper reports the measurement of the 
stability constants of thirty-one metals with EDTA and twenty-five 
metals with CDTA. The procedure used was identical to that used 
to me~sure the rare earth stability complexes in the present 
research except that Schwarzenbach used several auxiliary metals 
in place of the single metal, copper, which was used in the rare 
earth research. 
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Spectrophotometric. The stability of the EDTA complex with 
iron III has been determined by Kalthoff and Auerback (38) from 
spectrophotometric measurements at four different wave lengths in 
the 370 to 400 millimicron region. Because of the great stability 
of the iron III chelate, it was found necessary to make the 
measurements in 0.6 to l molar perchloric acid so as to suppress 
the ionization of H4Y and H3y- and prevent the reaction from going 
to completion with all iron in the form of a chelate. The concen-
tration of the uncomplexed iron III was determined by the difference 
between the known total iron concentration and the spectrophoto-
metrically determin~d equilibrium concentration of FeY-. The 
· concentration of y-~ was computed from the known total EDTA concen-
tration, its four acid dissociation constants, and the pH. This 
data enabled the authors to calculate the desired constant from 
the equation 
• 
Because of the necessity of using highly acidic solutions, pH 
measurements and the calculated equilibrium concentration of y-4 
were subject to considerable error. The error was, of course, 
carried over into the fincll stability constant calculations. 
Martell and his co-workers (39,40) have employed a competition 
reaction method to determine the stability constants of several 
heavy metal-EDTA complexes. The experimental method consisted of 
reacting equal molar amounts of the complexing a gent and two 
cations. TI1us, assuming the usual l:l ratio, only half of the 
total number of metal ions are complexed. Depending upon the 
various buffers that were employed, the uncomplexed form of the 
metal either remained in solution or precipitated out as a solid 
phase. In some cases, several weeks of constant shaking were 
required to insure equilibrium with the solid phase. The individ-
ual reactants and products were determined by spectrophotometric 
analysis. 
Only stability constant ratios could be determined by this 
method. Tiowever, if one of the constants was known independently, 
then the other one could be c a lculated from the ratio. The results 
reported by the authors do not agree very well with the constants 
obtained by other people. Two possible sources of error are 
immediately obvious. The existence of a solid phase in the re-
acting mixture introduces many complications which are not very 
well understood. Also, no correction was made for possible 
complex formation between the free cations and the buffers used 
to maintain a constant pH value. 
• 
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Radioactive exchange. In an acid solution, the complex ion ~rr4-n, formed from a metal ion and the conjugate base of a weak 
acid, will undergo partial dissociation due to the formation of 
some undissociated free acid. If the ionization constants of the 
weak acids that are formed are known, the stability constant of 
the chelate complex can be calculated from the concentration of 
M+n ions present in an equilibrated ~JIYL~-n solution of known 
acidity. The M+4 concentration can be determined by use of a 
radioactive indicator. It is necessary that the exchange of the 
uncomplexed ions with the complexed ions take place slowly. This 
is usually true for highly stable chelates. 
In the procedure used by Cook and Long (41) to measure the 
stability of the nickel II-EDT A complex, N.~ +2 ions are added to 
an acidified and equilibr~ted solution of ~iY-2; prepared from 
nickel containing some Nib3. In such a mixture, the exchange 
NiY-2 + Ni +2~ J.'Jiy-2 + iH +2 
takes place. Aliquots are removed from the resulting mixture at 
measured time intervals after mixing. The uncomplexed ions in the 
various aliquots are immediately separated . from the complexed ions 
by a rapid hydroxide precipitation of the nickel II ions and the 
s pecific activity is measured. The increase of the specific 
activity with time is a function of the moles of added Ni+2 and 
of that present as such in the original solution before mixing. 
Th e fraction of exchange, x, in each aliquot is given by the 
ratio of the specific activity of the separated ions to that of 
the separated ions from an aliquot removed from the reaction 
mixture after equilibrium has been reached, i.e., 
Xt = St/~ 
A plot of log (1-xt) against time, extrapolated to zero time, 
g ives t h e value of the instantaneous exchan ge, xo, the exchange 
due to mixing of t h e dissociated ·:f1a+2 ions from the complex with 
the inactive Ni+2 that are added. 
If L NiYJ o represents the total of the complex ion in the 
original solution, o< the degree of fractional dissociation of 
the complex ion, A the total moles of nickel atoms in the original 
solution and B the total moles of added nickel ions, the relation-
ship between ~ and x0 is given by the equation 
o( = xo B 
-A-r( l~--x-0""""1")-+-B 
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In the original equilibrated complex ion solution, 
LNiJ = L"YJ + LHYJ + LH2YJ + LH3YJ + LH4YJ = LYJ ¢ 
where ¢ = 1 + f:'HJ KHY + f:'HJ2 :KH2Y + LHJ RH3Y + LHJ4 KH4Y 
and 
LNiJ = • 
Two other equations can also be written: 
and 
o<LNiYJo 
¢ 
The term KA represents the second ionization constant of the weak 
acid H2 NiY. It is necessary because the species HNiY- must be 
considered. The above equations can be combined to give equation 
(8) from which the desired constant can be obtained 
Cook and Long reported a value of 1019 for the nickel II-EDTA 
stability constapt. This value does not compare too favorably with 
the value of 10lb.45 reported by Schwarzenbach and Freitag (26) 
for the same complex. Using a similar procedure, Jones and Long <L~2) obtained a value of 1024 i'or the iron III-EDTA stability con-
stant. This is a little lower than the value of 1025 reported by 
Schwarz enb ach and Biedermann (18). 
Ion exchange. The ion-exchange method depends upon the fact 
that the quantity of a cation bound to a definite amount of cation 
exchanger at equilibrium is proportional to the concentration of 
free cations in the solution over a wide range of concentrations. 
This proportionality holds true even in the presence of a chelating 
agent. 
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Fulda and Fritz (43) have determined the stability of the 
chelates formed between HEDTA and uranium VI, calcium II, 
zirconium IV, thorium IV, and lanthanum III by an ion-exchange 
method. 
17 
A solution containing the metal ion and a known excess of 
chelating agent was intimately mixed with a known amount of cation-
exchange resin for a period of three hours. At the end of the 
equilibration period, the exchange constant (slope of the adsorption 
isotherm) for the metal with the resin was determined by analysis 
of the liquid phase for the metal by an appropriate method. In an 
exactly analogous manner, the exchange constant in the absence of 
a chelating agent was determined. Then the stability constant for 
the metal complex was calculated from the equation 
.a..o_ - 1 
K- A_ 
- ~T;.;...-v--.-3.--J---- , 
where Ao = the distrl.bution constant when no chelating agent is 
presen~ ~ = the distribution constant when chelating agent is 
present. 
The experiments were carried out at room temperature and with 
solutions adjusted to an ionic strength of 0.1 with KCl. Since ~ 
and Ao were measured in two separate solutions, it was essential 
that the ionic strength of these solutions be adjusted to the same 
value. 
Derivation of the Experimental Methods Used to 
Measure the Stability Constants 
The stability of the complexes formed between each of the 
rare earth cations and t h e anions of two separate polydentate 
organic chelating agents has been measured. These measurements 
have been accomplished by the use of two separate independent 
experimental methods. Because of the similarity in the types of 
rare earth chelates formed by EDTA and HEDTA, it is found that 
the equations which describe the EDTA systems are directly applic-
able to the HEDTA systems. Therefore, the two experimental methods 
will be derived in terms of the EDTA systems. It should be remem-
bered that the same equations, except for a change of one in the 
ionic charge of a few of the ionic species, describe the HEDTA 
chelate formation equally well. 
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The potentiometric method 
If equal molar quantities of . the copper complex of EDTA, 
Na2CuY, a rare earth salt, MCl1, and , the trihydrochloride of ~' 
(3 1 , {3" triaminotriethylamine, N(CH2-CH2-NH2)3, designated as 
"tren", are mixed together, the reaction shown below takes 
place (26). 
CuY-2 + H3tren+J + M+3~MY- + Cutren+2 + JH+ ( N) 
If such a mixture is titrated with NaOH, three formula weights of 
the base are used in a buffer region between pH 4 and 5.5. 
The tri-(~-aminoethyl)-amine, "tren", is a strong triprotonic 
base with pK values of 10.29, 9-59, and 8.)6 . These ionization 
constants can be expressed as follows: 
The amine, "tren 1 , forms a very stable complex with the copper II 
ion (44). 
Kcutren = ~Cutren_7 = 1019.1 
TcuJ~trenJ (10) 
This stability constant was determined from the equilibriUm constant 
of reaction (V) which exhibits a buTfer action in the pH range 3.9 
to 4.8. 
(V) 
Because of the greater proton affinitJT of the base "tren!' compared 
to the anion "Y", the complex Cutren+2 is less stable than the 
complex CuY-2 in a pH range below 8.5. If NaOH is added to an 
equivalent mixture of Cuy-2 and HJ tren+3, a buffer reg ion is ob-
served in the pH rang e 8.5 to 9.5 during which the copper exchanges 
from the "Y" to the "trenn. Such a reaction is expressed as 
follows: 
If a second cation capable of being complexed by the chelating 
a g ent 11Y" is added during the neutralization, not only two, but 
three hydrogen ions can be neutralized in a buffer reg ion much 
(VI) 
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lower than than observed for reaction VI. If the second cation 
is a rare earth, the buffer region exists between pH 4 and 5.5 
and the reaction is expressed by equation IV. The chemical re-
action expressed by equation IV is the basic reaction involved 
in the potentiometric determination of the rare earth-EDTA sta-
bility constants. 
The equilibrium constant for reaction IV can be expressed 
as follows: 
19 
Kcutren KMY 
-i\ri3 tren KcuY 
{11) 
The quantity "a" which will be used subsequently, denotes the 
number of equivalents of sodium hydroxide added to the reaction 
expressed by equation IV per mole of rare earth in the solution. 
Before KIV can be calculated, the equilibrium concentration of 
five of the six concentration terms expressed in equation (11) 
must be evaluated. The hydrogen ion concentration is measured 
directly. 
Five material balance equations can be written as follows: 
~cuJt = c = ~Cutren_7 + ~CuY_7 + ~cu_7 (a) 
LMJt = c = LMYJ + £Mtren_7 + /:MJ (b) 
~YJt = c = £cuyJ + ~MYJ + £H4YJ + £H3YJ 
+ LH2YJ + ·LHYJ + £yJ (c) 
£tren_7t = c = £cutrenJ + £MtrenJ + £H3tren_7 (12) 
+ ~H2trenJ + ~HtrenJ + £tren_7 (d) 
LHJt = c {3-a) = LHJ + 3LH3 trenJ + 2LH2 trenJ 
+ LHtrenJ + 4LH4YJ + 3LH3YJ + 2~H2YJ 
+ LHYJ (e) 
These five equations express the concentrations of all possible 
species involved in the reaction represented by equation IV. As 
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will be demonstrated later, many of them are insignificantly small 
and can be neglected. 
If equation (9) is solved for ~tren_7 and this value substi-
tuted into equation (10), the result can be expressed as 
~cu_7 = L:cutren~H_73 K~tren 
Kcutren H3tren 
which can be substituted into equation (12a) to give the following: 
~cu_7t = c = ~CuY_7 + ~Cutren_7 + ~Cutren_7z:H_73 K~tren 
Kcutren H3tren 
or 
where 
f:cu_7t = c = ~CuYJ + o<f:cutren_7 
o( = 1 + ~H.:Z3 K'tren 
/:H3tren Kcutren 
(13) 
( llt-) 
The rare earth stability constants and the copper-EDTA constant 
can be expressed as follows: 
and 
KMtren = /:Mtren_7 
?;ii.)£..t£.enJ 
KMY = ~MY_7 
LMJLYJ 
KcuY = L CuY_7 ["cuJTyJ 
When ecm,ation (15) is solved for /:Mtren_7, equation (9) for 
~tren_/, and the two results substituted into equation (l2b), 
the latter equation can be simplified to give: 
/:M_7t = c = ~MY_7 + ~M_7 + KMtren ~M_7LH3tren_7 
. KH3tren /:H_73 
(15) 
(16) 
(1 7) 
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or 
/:MJ t = c = /:M':lJ + LMJ { 1 + 1 } , g - 1 (18) 
where 
(19) 
The acid association equilibria of EDTA can be expressed by four 
equations. 
These four e~uations and e~uation (17) can be solved for the 
quantities L H4YJ, LH3Y_/, /:H2YJ, LHYJ and /:YJ. 
LHYJ = KHY f:yJ£'n.J (a) 
LH2YJ = RH2Y f:yJ /:HJ2 
LHJYJ = KHJY /:YJ f:n.J3 
LH4YJ = RH4Y /:YJf:n.J4 
Upon substitution of these quantities into 
latter may b e simplified to the following : 
/:YJt = c = /:MYJ + f:cuYJ . 
f l + l + LHJ KHY + LHJ2 KH2Y + LHJ3 RHJI + LHJ4 KHIIY} 
l f:cuJ KcuY 
or 
LYJt = c = L'rfiJ + £'cuYJ [1 + ¢ l , (21) 
TcuJ Kcuy J 
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where 
¢ = 1 + LHJ KHY + !:HJ2 RH2Y + LHJ3 KH3Y + LHJ4KH4Y· (22) 
The acid association equilibria of H3 tren can be expressed by 
three equations. 
K = /:Htren_7 
Htren LHJZ*tren~ 
KH3tren = ~~~~itren:J 
The following expressions can be obtained from the above three 
equations and from equation (15). 
/:MtrenJ = ~H3tren_7 KMtren (23) 
H . KH3tren 
~tren_7 = L:H~en_7 (24) LH J RH3tren 
/:HtrenJ = LH),rimJ (25) 
· z=H 2 KH2tren KH3tren 
and 
LH2trenJ = LH:7ren_7 LH KH3tren (26) 
It will be noted that equations (23), (24), (25), and (26 ) express 
the concentration of the various "tren" species in terms of known 
constants, the single concentration /:H3 tren_7, and the hydrogen 
ion concentration. Equation (12d) can, therefore, be simplified 
considerably by substitution of equations (23) through (26). 
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or 
LtrenJ t = c = LcutrenJ + /{ LH3 trenJ + LMJ { e 1 1} (27) 
where 
The three "tren" terms in equation (12e) can be combined by 
the use of equations (25) and (26) to the following simplified 
expression: 
(28) 
LHtrenJ + 2LH2trenJ + 3LH3trenJ = a LH3trenJ (29) 
where 
t=3+ 1 + 2 (30) 
LHJ2 KH 2tren KH3tren ~HJ KH3tren 
By the use of equations (17) and (20), the last four terms in 
equation (12e) can be simplified as follows: 
LHYJ + 2LH2YJ + 3LH3YJ + 4LH4YJ = KHY LHJLCuYJ 
L"cuJ KcuY 
+ 2KH2Y LCuYJLHJ2 
KcuY TcuJ 
+ 4 RH4Y £cuy_7£H_74 
KcuY TcuJ 
+ 3 RH3Y £cuy_7£HJ3 
KcuY f:cuJ 
or 
where 
= f:cuYJ fJ 
f:cuJ KcuY 
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Then by combining equations (29) and (31) with equation (l2e) 
latter can be simplified to give the expression 
/:HJt = c(3-a) = /:HJ + $ .CH3 trenJ + f:cuYJ ;tJ f:cuJ KcuY 0 
The five material balance equations, in a more usable form are 
grouped together below. 
£"cuJt = c = .CcuYJ + o<£cutrenJ 
LMJt = c = [wrJ + LMJ [1 + 9: 1J 
LYJ t = c = .CMYJ + .CcuYJ f l + ¢ J l TcuJ KcuY 
f:trenJt = c = £cutrenJ + /J £H3trenJ + LMJ [e 
LHJt = cO-,af .-;:: ,£HJ + ~["'H3 trenJ+ LCuYJ ;0 
. .CcuJ KcuY 
(a) 
(o) 
(c) 
1 11 (d) 
(e) 
(31) 
(32) 
the 
(33) 
The coefficients in the above equations are defined in the following 
equations. 
o( = 1 + LHJ3 KH3tren 
LH3trenJ Kcutren 
e = l + LHJ3 KHJtren 
LH3trenJ KMtren 
(ia) 
(b ) ( 3.5 ) 
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I= LHJ KHY + 2LHJ2 KH2Y + 3LH_73 KH y + 4£HJ4 KH4Y (d) 3 
'a = 1 + 1 + 1 LHJ3 RH3 tren LHJ2 KH2 tren KH3tren 
+ 1 (e) LHJ KH3 tren 
~ = 1 + 2 + 3 (f) LHJ2 KH2tren KH3tren THJ KH3tren 
The equations (34a) to (34e) are very general, but they can be 
simplified considerably because of the experimental conditions 
(such as the pH range and the magnitude of the various constants 
involved) encountered in the measurements of the rare earth com-
plexes with both EDTA and HEDTA. Each equation will be discussed 
individually. 
(35) 
Equation (34a) is valid if no complexes are formed in which 
both 11 tren 11 and "Y" are bound to the same copper ion. Since "tren" 
is tetradentate and "Y" is hexadentate, each is capable of indi-
vidually satisfying the coordination number of copper and it seems 
unlikely that mixed complexes would form. 
In order to solve unambiguously equation (34b) it would be 
necessary to know the stability constants of the possible complexes 
formed between the rare earths and "tren 11 , as defined by equation 
(15). These constants have not been measured. However, since 
no one has been able to measure any very stable rare earth-ammonium 
type complexes, it seems very unlikely that any rare earth-tren 
complexes that might exist would be more stable than the Mst8en+2 
or8Fgtren+2 complexes which have stability constants of 10 • and 
10 • respectively. Because the constant KMtren can affect equa-
tion (34b) only through 11 8 11 , and because KMtren occurs in equation 
(35b) as a term in the denominator, the numerator of which contains 
the extre~ely large constant KH3 tren (see equation 9), it can be 
shown that under the experimental conditions involved, KMtren 
would have to be larger than 1012 in order to make the concentra-
tion of the complex Mtren+3 exceed l0-5, which is 1 % of LMJt. 
This means that 11 8 11 is a very large term compared to unity. 
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Consequently, the expression is very nearly equal 
to one and equation is reduced to two terms, and 
LMJ. 
Because of the pH range involved, there is very little, if 
any, uncomplexed "Y". Consequently, the term f 3 1 { Tcu KcuY} 
in equation (34c) was found to be i ns ign i f icantly small compared 
to unity. The right side of e~ation C34c), t h erefore, is simpli-
fied to two terms, LMYJ and L CuYJ. 
Equation (3) Ld) also can be simplified to two terms. The "0 n 
term was shown by calculation of the experimental data to be 
essentially unity. This is that the terms L"H2 tren_7, LHtren_7, 
and L"tren~ are so small that they can be neglected in t~e pH 
range concerned. Since nerr is very large, the termL~ ~ 1 ! is a} 
very small fraction. This makes the product term LM_7{ l 
e - 1 
insignificantly small and reduces equation (34d) to the two terms 
LCutren_7 and LH3 tren_7. 
Because of the magni tud~ o:f fJ compared to the large value of 
KcuY' the last term in equation (34e) is also very small. This can 
be shown by evaluating the term directly from the experimental 
data. The term 11 S n was found to equal three for all of the rare 
earth measurements. Thus, equation (34e) also reduces to two terms, 
LH_7 and 3LH3tren_7. 
It is now possible to write all of the material balance 
equations as they apply to the EDTA and HEDTA complexes of the 
rare earths. 
LCuJt = c = LCuY_7 + o<f:cutren_7 (a) 
LM_7t = c = LMY_7 + LM_7 (b) 
LY_7t = c = LMY_7 + LCuY_7 (c) (36) 
L"tren_7t = c = L"cutren_7 + LH3 tren_7 (d) 
LH_7t = c (3-a) = LHJ + 3LH3tren_7 (e) 
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~he reactants in equation IV were all initially present in 
0.001 M concentrations. Consequently, the 11 c 11 term in equation 
(36) had a value of 0.001. The experimental data consisted of 
five 11 a 11 values and five corresponding pH values for each rare 
earth constant measured. Since only one 11 a 11 value with its cor-
responding pH value is necessary to calculate a stability constant, 
this method provides five checks on each constant determined. 1be 
method of calculation is quite simple. From the known values of 
11 c 11 , the experimentally determined values of ''a" and LHJ, equa-
tion (36e) is solved for the quantity ;-H3tren_?. This quantity 
is then substituted into equation (35aT and II ex II is calculated. 
Then equations (36d), (36a), (36c), andj36bl are solved in that 
order. The quantities z-MY~, £"cutren , L HJ, ~CuYJ1 LH3 trenJ and LMJ are substituted into equation (ll) and solved 
for Krv· Since the values of the constants Kcutren' RH3 tren 
and KcuY are known from p revious measurements, the desired constant 
Kl\1Y is readily obtained from equation (ll). 
TL~e polarographic method 
This method is based upon the fact that it is possible to 
measure the concentration of free uncomplexed copper II ions in 
the presence of the copper complex, CuY-2, by polarographic means. 
If equal molar amounts of the disodium copper salt of BDTA, 
Na2 CuY, and rare earth nitrate, M (NOJ) j, are allowed to equili-
brate, the rare earth ion competes Wltn the copper ion for the 
complexing agent. 
(VII) 
In such a solution, two separate individual polarographic waves are 
produced by the reduction of cu+2 and of CuY-2. The first of these 
has the shape of a two-electron wave with El/2 = -0.04 V vs. SCE 
(versus saturated calomel electrode). It is due to the reduction 
of cu+2 to the metal at the surface of the mercury drop. The 
second is due to the reduction of the complex CuY-2, its El/2 being 
-0.32 V (for the copper HEDTA complex, the E1L2 occurs at ~out 
-0.2 V vs, SCE). Between the two waves the diffusion current, id, 
remains constant and is proportional to the concentration of free 
uncomplexed copper II present in the solution. Reference id values 
were obtained for 100% uncomplexed copper and for 100% complexed 
copper by obtaining polarograms of solutions containing Cuso4 and 
Na2CuY respectively. The percentage of uncomplexed copper was 
calculated from a comparison of the id value for each of the rare 
earth solutions with the id values for the two reference solutions. 
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Since the reactants were initially present in equal molar 
quantities, it is obvious from equation VII that 
L"nJ = f:cuJ 
and 
£"cuYJ = f:MJ = c - f:cuJ 
where "c" is the initial concentration of both reactants. The 
equilibrium constant for equation VII can be written as follows: 
Kvii = L"cuJL"MYJ 
LCuYJL"MJ 
= £"cuJ2 
(c -£"cuJ)2 
Division of equation (16) by equation (17) gives 
Kvii 
therefore, 
KMY = K LCuJ2 - K (% Cu)2 
CuY /_ (c- £"cuJ)2 - CuY (100 - % Cu)Z 
(3 7) 
(38) 
It is obvious that the stability constants for the rare earth 
complexes can be calculated by substituting the polarographically 
measured percentage of uncomplexed copper and the known stability 
constant for the copper complex into equation (38). 
Determination of the acid association constants of HEDTA 
A knowledge of the acid association constants of a chelating 
agent is necessary before the stability of the complex formed between 
the chelating agent and a metal ion can be determined by the poten-
tiometric method. The constants of EDTA have been determined by 
Schwarzenbach (45) at 20°C and an ionic strength of 0.10. Since 
the stability constants of the rare earths with EDTA were measured 
at 20°C and an ionic strength of 0.10, Schwarzenbach's values were 
used in the calculations. 
Values of the acid association constants of HEDTA have been 
reported in the literature (46), but they were measured at 29.6°C. 
It was, therefore 9 deemed necessary to determine these constants 
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under the same conditions as were used to measure the rare earth-
HEDTA stability constants; namely, 25°C and a solution ionic . 
strength of 0.10. 
Determination of K1 and K2• ~he titration curve of HEDTA 
with standard KOH !s typical o! a dibasic acid of moderate strength, 
having two separate inflection points at ~ = l and ~ = 2, where ~ 
represents the fraction of the total replacable hydrogen that has 
beentitrated. The third inflection point is absent due to the 
extensive hydrolysis of the trivalent anion. Because of the sepa-
ration in the inflection points corresponding to K1 and K2 , the 
problem of determining these two constants is very similar to that 
for determining KA for a simple monobasic weak acid. 
In the vicinity of~ = 0.5, only the species n3v and H2v- need 
be considered. Likewise, only the species H2v- and mr-2 need be 
considered in the resion around a = 1.5. Therefore, the two acid 
association constants can be expressed as 
Kl = LH3V 7 
L"HJLH2vJ 
= (fraction untitrated) 
LHJ(fraction titrated) 
LH2VJ __ (fraction unti trated) K2 = ~~~~----
LHJLHV_7 £"r-rJ(fraction titrated) 
(39) 
where "V" represents the anion of HEDTA. These two equations can 
be simplified. 
K _ (1-a) l - L HJ a 
Upon converting to logarithms, 
log K1 = -logLHJ + log (l - a) 
a 
= -logLHJ + log (2 - a) 
(~ - l) 
= (2 - a) 
LHJ(g - 1) 
The first association constant, as defined by equation (39), 
c an be calculated from a titration curve of HEDTA by substituting 
one or more pH values with their corresponding a values (obtained 
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from the region around~= 0.5) into equation (41). Equation (42) 
can be used in exactly the same manner to calculate the second 
association constant from experimental data in the region of 
a = 1.5. 
The determination of K3. The determination of K3 is compli-
cated by the hydrolysis of the very weak acid v-3. The third 
association constant can be defined as 
and the hydrolysis of v-3 as 
<44) 
With no hydrolysis occuring, the concentration of v-3 could be 
calculated by merely subtracting the amount of KOH added. Since 
two molecules of KOH are needed for every one molecule of Hv-2 
produced, the concentration of v-3 would be given by 
~v_7 = (~ - 2) cv (45) 
where Cv = the total molar concentration of HEDTA. When hydrolysis 
does take place, one v-3 molecule is consumed for every hydroxyl ion 
produced (see equation 44). Therefore, the total concentration of 
z-v_7 is given as 
iv_7 = (~ - 2) cv - f:oH_7 
The only ionic species of HEDTA present in the alkaline region 
beyond a; 2 are HV-2 and v-3. Therefore, 
cv = f:v_7 + ~Hv_7. 
A combination of equations (46) and <4 7) gives 
~Hv_7 = (3 
- ~) Cv + ~OH_7 
Substitution of equations (46) and (48) into (43) gives 
+ LOHJ K - (3 - a) cv 3 - -
~H_7 (~ - 2) cv - f:oH_7 
(46) 
<47) 
(48) 
<49) 
: 
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Equation (49) permits the calculation of K~ from the experimental 
values of Cv, pH, and ~ for all points on the titration curve from 
~ = 2 to~= 3· 
Materials and Equipment 
Preparation of stock solutions 
Carbonate-free sodium hydroxide solution (0.1 N). A standard 
solution of sodium hydroxide-:~ was . prepared and allowed to stand 
until the supernatant liquid had become clear. Approximately 25 ml 
of the clear solution was carefully removed from the saturated 
solution and added to three liters of freshly deionized water. The 
resulting solution was stored in a Pyrex bottle fitted with a 
siphon for withdrawing solution and with a gastrain, consisting 
of an Ascarite tube and a small bubbler containing dilute potassium 
hydroxide 9 to protect the stock solution from carbon dioxide. The 
sodium hydroxide solution was standardized against dried potassium 
acid phthalate by titration. 
Carbonate-free potassium hydroxide solution (0.1 N). The 
p otassium hydroxide solution was prepared by the silver oxide 
method. A hot solution containing about 9 grams of sodium hydroxide 
in 200 ml of water was slowly added to an equal volume of a hot 
solution containing 3 6 grams of silver nitrate. After a few minutes, 
the silver oxide coagulated, was filtered from the hot solution on 
a fine sintered g lass funnel, and was washed about fifteen times 
with hot deionized water. The silver oxide and 1600 ml of freshly 
deionized water, containing 16 grams of potassium chloride, were 
then transferred to a dry-box. In the dry-box, under a nitrogen 
atmosphere, the silver oxide was added to the potassium chloride 
solution. 1be resulting mixture was allowed to stand (with occa-
sional shaking) for 48 hours. Thenj the clear supernatant liquid 
was filtered through a very fine sintered glass funnel, transferred 
into a Pyrex bottle~ and stored in the same manner as the sodium 
hydroxide solution. The potassium hydroxide solution was also 
standardized against potassium acid phthalate by titration. 
~All chemicals were reagent g rade unless otherwise specified. 
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'l'riaminotrieth lamine trih drochloride 0.0100 M • A sample 
of triaminotriethylamine trihydrochloride obtained from Chemicals 
Procurement Co.) was carefully purified by a double recrystalliza-
tion. The amine salt was first dissolved in a minimum amount of 
warm water and then crystallized from the water with 95 per cent 
ethanol. The crystals were filtered each time in a sintered glass 
crucible and washed repeatedly with cold absolute ethanol. Finally, 
the crystals were dried at l00°C under a reduced pressure for 24 
hours. A two-liter 0.0100 molar solution of the amine was prepared 
by dissolving 5.1126 grams of the dried crystals in pure water and 
diluting to the mark in a 2000-ml volumetric flask. 
Potassium chloride (1.00 M). A two-liter 1.00 molar solution 
of potassium chloride was prepared by dissolving 149.11 grams of 
previously dried KCl in pure water and diluting to 2000 ml. The 
salt had been dried at ll5°C for 24 hours. 
Potassium nitrate (1.00 M). A two-liter 1.00 molar solution 
of potassium nitrate was prepared by dissolving 202.21 grams of 
dried KNO~ in pure water and diluting to 2000 ml. This salt was 
also dried at ll5°C for 24 hours. 
Sodium acetate (0.100 M). Two liters of 0.100 molar sodium 
acetate were prep ared by dissolving 16.408 grams of dried (at l80°C 
for 18 hours) anhydrous sodium acetate in pure water and diluting 
to 2000 ml. 
Acetic acid (0.100 M • A two-liter sto ck solution (approxi-
mately 0. M of acetic acid was prepared by diluting glacial 
acetic acid. Careful standardization or the stock solution by 
potentiometric titration with standard sodium hydroxide disclosed 
its concentration to be 0.4990 molar . Thus , two liters of 0.100 
molar acetic acid were prepared by diluting 400.8 ml of 0.4990 M 
acetic acid to 2000 ml. 
Disodium copper ethylenediaminetetraacet~te (0 . 0100 M). A 
solution of exactly 0.100 M CuCl2 was prepared . A solution of 
approximat ely 0.1 M Na2H2Y was prepared by dis solving a weighed 
amount of crystalline disodium dihydrogen ethylenedlaminetetra-
acetate dihydrate (secured frorr the Hach Chemical Co .) in pure 
water. A ten ml aliquot of the standardlzed copper II chloride 
solution was titrated with the t etraacetate solution after the 
addition of 5 ml of concentrated amm nium hydroxide and diluting 
to 300 ml. Murexide was used . as the indicator . Pollowing the 
standardization of the tetraacetate solution , 200 ml of the copper 
solution was mixe d with 204 ml o ~ the tetraaceta t e . In such a 
mixture the following reaction takes nlace : 
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cu+2 + H2Y-2 ~ CuY-2 + 2H+ 
Therefore, the solution was carefully neutralized to a pH of 6 
with sodium hydroxide and diluted to 2000 ml. 
The copper tetraacetate solution described above contained 
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a considerable quantity of chloride. Because chloride ions gave 
trouble during the polarographic determinations, it was found 
necessary to prepare a second copper tetraacetate solution starting 
with copper II nitrate rather than copper II chloride. The 
metpod of preparation was exactly the same as that described 
above. 
N-H drox eth leth lenediaminetriacetic acid (0.1 M • The 
HEDTA secured from Geigy Chemical Co. vvas further purified by 
two operations. The acid was first dissolved in a small amount 
of warm water and filtered. Then 957, ethanol was added and the 
solution allowed to coolo The acid crystals were filtered on a 
sintered glass funnel, washed three times with cold absolute 
ethanol, then once again dissolved in Vlarm water, recrystallized, 
filtered and washed. A triple leaching with cold water followed 
by drying at 100°C under a reduced pressure for 24 hours completed 
the purification. A solution of the purified product was tested 
for sulfate wl th barium chloride and for sodium with a flame 
spectrophotometer. No barium sulfate precipitate could be detected. 
The flame test indicated 0.1 ppm of sodium. 
A two-liter solution of HEDTA was prepared by dissolving 
55. 652 grams of the solid in water and diluting to 2 liters. 
The acid solution was standardized by three independent methods; 
titration against a standard zinc II chloride solution using 
Eriochromeschwartz T as the indicator, titration against a stand-
ard copper chloride solution using Murexide as the indicator, and 
a potentiometric titration of the free acid with standard sodium 
hydroxide. The three methods gave values of 0.0992, 0.0989, and 
0.0994 for the molar concentration of the HEDTA stock solution . 
Sodium copper hydroxyethylethylenediaminetriacetate (0.0100 M). 
A copper II chloride solution was prepared by dissolving CuCl2•2rr2o 
in water. Electrolytic analysis of the solution showed its concen-
tration to be 0.1001 molar. Therefore, 199.8 ml of the copper 
solution were added to 201.82 ml of the stock H~DTA solution and 
the resultant acid solution neutralized with sodium hydroxide. 
The neutral copper triacetate solution was diluted to 2000 ml. 
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A copper triacetate solution, containing nitrate rather than 
chloride, was prepared by mixing 193.2 ml of a 0.1035 molar copper 
II nitrate solution with 201.8 ml of the standard HEDTA solution, 
neutralizing with sodium hydroxide to the neutral equivalents 
point, and diluting the resultant solution to 2000 ml. 
Rare earth salt solutions {0.0100 M). The rare earths used 
in this research were separated from all other elements and from 
each other on ion-exchange columns according to the methods de-
veloped in the Ames Laboratory <47,48,L~9,50,51,52,53,5L~,SS,S6,57). 
With the exception of cerium and terbium, all of the rare earth 
solutions were prepared in the same manner. As with the other 
solutions previously described, the rare earths were prepared in 
both chloride and nitrate solutions. Sufficient freshly ignited 
pure rare earth oxide was dissolved in a slight excess of acid, 
HCl or HNO~, to give a solution containing 0.005 of a mole of M+3. 
A part of this solution was then potentiometrically titrated with 
sodium hydroxide to a point just past the neutral equivalence 
point. The pH of a neutral rare earth solution was then located 
from a graph of 6pH/6 ml against ml of base added to the solution. 
These pH values rang ed from 5.2 to 4.8. After titration, the 
two solutions were recombined, adjusted to the equivalence point 
pH with hydroxide and diiuted to 500 ml. 
The composition of terbium oxide depends upon the ignition 
temperature. In order to correct this uncertainty, a sample of 
the oxide was reduced to sesquioxide by heating it for 8 hours 
at 900°C in a stream of hydrogen. The sesquioxide was then weighed 
out and dissolved in an acid as described above. 
It is virtually impossible to dissolve quantitatively a small 
amount of cerium oxide, even with the help of hydrogen peroxide. 
Consequently, a larger amount of oxide was dissolved in acid, the 
solution filtered, and diluted to volume. 'J:lhen the cerium stock 
solution was standardized by withdrawing an aliquot, precipitating 
the cerium with oxalic acid, igniting, and weighing the ignited 
oxide. Once the concentration of the solution was known, 0.005 
of a mole was removed and prepared in the same manner as the other 
rare earth salt solutions ·. 
Description of equipment 
pH Meter. All pH measurements concerned with the determination 
of the stability constants of the rare earths with EDTA were made 
with a Beckman Model G pH meter. The electrode system consisted 
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of a fiber type saturated calomel electrode and a "General Purpose" 
glass electrode. Both electrodes were of the shielded type for 
use external to the pH meter. 
The pH measurements necessary for the determination of the 
stability constants · of the rare earths with HEDTA were made with 
the more accurate Beckman Model GS pH meter. The same type of 
electrodes were used. 
Microburette . A Pyrex microburette graduated in 0.01 ml sub-
divisions (obtained from Scientific Glass Apparatus Co.) was used 
to dispense the sodium and potassium hydroxide solutions needed for 
the stability constant measurements. The calibrations of the micro-
burette were rechecked at 0.5 ml intervals for delivery of 0.1 
normal sodium hydroxide by weighing the amount of 0.1 normal base 
actually delivered. 
Experimental Procedures and Results 
Determination of the acid association constants of HEDTA 
As was pointed out earlier, a knowl3dg e of the acid association 
constants of a chelating agent is necessary before the stability of 
the complex that is formed between the chelating agent and a metal 
ion can be determined by the potentiometric method. The more accu-
rate scale on the Beckman Model GS pH meter is li:mi ted to a rang e 
of only three pH units" It was necessary, therefore~ to potenti-
ometrically titrate one solution for the evaluation of K1 and K2 
and a second solution for the evaluation of K3. Two other solutions 
were titrated to check the results from the flrst two. The titra-
tions were carried out in a double-walled titration cell. Water 
from a constant temperature bath maintained at 25.00 + 0.02°C was 
pumped through the jacketed compartment of the titration cell. An 
atmosphere of pure nitrogen was maintained above the liquid in the 
titration cell~ 
In the first titration, Run I, a . s olut ion containing 3 ml . of 
0.0991 M HEDTA 1 3 . 2 ml of 1.00 M KCl and 43.8 ml of deionized water 
was titrated with standard KOH. The values of K1 and K2 were calcu-
lated from the pH values in the regions of~= 0.5 and~ = 1.5, 
respectively~ by the use of equations (41) and (42). The experi-
mental results and calculated values for K1 and K2 are given in 
Table 1. 
In Run II a solution of exactly the same concentration as that 
used for Run I was again titrated with standard KOH. These results 
and the calculated values of K1 and K2 8re presented in Table 2 . 
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Table 1 
Titration of HEDTA with Potassium Hydroxide (Run I)~~ 
Corrected log Corrected log 
a pH Kl a pH K2 
0.~90 2.807 3.001 1.324 5.089 5.409 0. 28 2.841 2.967 1.~63 5.165 5.409 
0.467 2.878 2.93~ 1. 02 5-237 5.411 0.506 2.916 2.90 1-~-~2 5.309 5-411 o.5~R 2.958 2.880 1.4 0 5 -~81 5-416 0.5 3.002 2.856 1.519 5. 54 5-422 
0.623 ).050 2.833 . 1.558 5-527 5.426 
1.597 5.604 5·tt[3 Av. = 2.91 1.636 5.689 5. 7 
Av. = 5.42 
-:~Temperature = 25.oo + 0.02 6 C; ionic strength - 0.10. 
Table 2 
Titration of HEDTA with Potassium Hydroxide (Run II)-~ 
·corrected log Corrected log 
a pH Kl a pH K2 
0.490 2 .1303 2.995 1.,24 5.078 5-398 
o. 67 2.869 2.925 1. 02 5.228 5.402 
0.545 2.950 2.872 1.480 5.368 5-404 0.632 3.038 2.821 1.558 5-515 5-41 
1.636 5-671 2-1129 
Av. = 2.90 
Av. = 5 ·41 
~FTemperature 25.00 + 0.026 C; ionic strength = 0.10. 
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A value for K~ was obtained by titrating a solution containing 
2 ml of 0.0991 M HEDTA, 3.81 ml of 1.00 M KCl, and 40 ml of water 
with standard KOH. Values of K3 were calculated from the region 
of a = 2.3 to a = 2.7 by the use of equation C49). The experimental 
and-calculated-results for Run III are presented in Table 3. Run IV 
was an exact repetition of Run III. The results from this run are 
also given in Table 3. 
The pH meter was standardized with Beckman pH 4 buffer for 
Runs I and II. A standardization with 3 eckman pH 9 buffer was 
necessary to cover the pH range required for Runs III and IV. 
Since the pH as obtained from the pH meter thus standardized 
is defined in terms of the hydrogen-ion activity, while hydrogen-
ion concentrations are needed for the calculations, it is necessary 
to correct each pH meter reading. Three solutions were independently 
prepared, each containing 0. 000802 M HCl and 0.100 M KCl. These 
solutions should have pH values of 3.096 based upon concentrations 
at an ionic strength of 0.100. The pH meter was standardized in 
the conventional manner using Beckman buffers and then two separate 
pH determinations were made upon the three solutions. The results 
are presented in Table 4· It is evident that a correction of 0.071 
units must be subtracted from each pH meter reading before the 
hydrogen-ion concentration of the solutions are calculated. 
Potentiometric. determination of stability constants 
Exactly the same procedure was used to determine the rare 
earth-HEDTA stability constants as was used to determine the rare 
earth-EDTA stability constants. A description of the experimental 
procedure is given, using the rare earth-EDTA stability constant 
determinations as an example. 
When equal molar quantities of Na2 CuY, MCl~, and H3tren+3 are 
mixed together, a c.hemical reaction described b'i equation IV takes 
place. If the reaction mixture is potentiometrically titrated with 
standard sodium hydroxide, a normal acid-base neutralization curve 
is obtained with a large pH increase occurring at "a" = 3 ("a" 
being used to designate the equivalents of sodilli~ hydroxide added 
per mole of rare earth atoms in solution). If the reaction 
proceeded as fast as the neutralization of a strong acid with a 
strong base, a direct potentiometric titration could be carried 
out. In such a case, the rare earth stability constant could be 
calculated from any value of "a" and pH picked from the buffer 
region of the neutralization curve (roughly from naa = 0.4 to 1.9) 
by the use of equations (35a), (36), and (11). Such a direct 
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Table 3 
Titration of HEDTA with Potassium Hydroxide (Runs III and IV)·:!-
Run III Run IV 
a Corrected log a Corrected log 
pH K3 pH K3 
2.279 9.489 9.920 2.366 9.663 9 -922 
2.337 9-596 9.908 2-~95 9-710 9 .918 2-~96 9.693 9.900 2. 25 9-756 9.914 2. 54 9-793 9.903 2-454 9.801 9.910 
2.512 9.883 9.898 2.483 9.8ko 9 .900 
2-571 9.966 9.886 2.512 9.8 7 9.900 
2.629 10.046 9.372 2-542 9.932 9 .897 
2.788 10.128 z. s~6 2.571 9-973 9 .890 
2.600 10.015 9 .885 
Av. = 9.89 2.629 10.056 9 .879 
2.658 10.096 9 .871 
2.688 10.118 9 .862 
Av.= 9 .90 
~~Temperature = 25.oo + o.o26 c; ionic strength = 0.10 
Table 4 
Data for Correction of pH Values 
Sample # pH 
1-a 3.166 
1-b 3.168 
2-a 3.167 
2-b 3.167 
3-a 3.167 
3-b 3.168 
ii.V • = 3.167 
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approach cannot be used because the reaction is slow; usually 
25 to 30 minutes are required for the pH of the reaction mixture 
to reach a stationary value after each addition of base. It was 
found necessary to prepare five individual solutions; each one 
with the same equal molar amounts of Na2CuY~ MC11 ~ and H3tren+3, 
but with different amounts of standard sodium hydroxide so as to 
correspond to five different positions across the buffer region 
of a normal neutralization curve. These five solutions were 
allowed to equilibrate for 24 hours in a constant temperature 
water bath adjusted to 20.00 + 0.02°C (25.00 + 0.02°C for the 
HEDTA determinations). At the end of that period, the pH of each 
solution was measured. 
The five solutions were made up in 100-ml volumetric flasks, 
each containing 10 ml of 0.0100 M disodium copper ethylenediamine-
tetraacetate, 10 ml of 0.0100 M triaminotriethylamine trihydro-
chloride, 10 ml of 0.0100 M rare earth chloride, enough 1.00 M KCl 
to , give the solutions an ionic strength of 0.10 when diluted to 
100 ml (9.00 ml of KCl for the EDTA determinations and 9.10 ml 
of KCl for the HEDTA determinations), and different predetermined 
amounts of 0.1 N NaOH. After diluting to the mark and mixing the 
solutions, they were suspended in a water bath from a specially 
constructed rack. The rack was fabricated so as to suspend ten 
100-ml volumetric flasks and ten 40 x 80 mm ground-glass stoppered 
weighing bottles in the water bath. 
A standardized procedure was followed for determining the pH 
of the solutions. At the end of a 16-hour equilibration period, 
about 50 ml of solution was transferred from each of the five 
100-ml volumetric flasks to 5 separate clean dry weighing bottles. 
Both the tightly covered weighing bottles and the 100-ml volumetric 
flasks were immersed in the water bath for eight hours. Then the 
pH of the solutions in the weighing bottles was determined directly; 
with the bottles still immersed in the water bath. The solutions 
remaining in the 100-ml flasks were used to rinse the electrodes 
in going from one solution to the next. The pH meter was standard-
ized with Beckman pH 4 buffer and also checked with Beckman pH 9 
buffer before each series of determinations. 
Because of the procedure adopted, the experimental results 
consisted of five separate pll and 11 an values for each rare earth. 
It was thus possible to calculate five values for Krv for each 
rare earth by the use of equations (35a), (36) and ~ll). An 
average value for Krv was theh used ·to calculate the EDTA and 
HEDTA stability constants for each of the rare earths. The experi-
mental data and calculated results are presented in Tables 5 and 6. 
Table 7 gives the numerical values of the various constants that 
are necessary f or the calculations. 
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Check determinations were made allowing 48 hours for equili-
bration for the EDTA determinations with praseodymium, neodymium, 
samarium and yttrium and for the HEDTA determinations with 
dysprosium, gadolinium and ytterbium. Since the results were 
the same as those obtained with 24-hour equilibration, the practice 
was discontinued for the rest of the series. 
Polarographic determination of stability constants 
The polarographic determinations of the stability constants 
of the rare earth elements with EDTA and HEDTA were accomplished 
much easier than the correspondine; potentiometric determinations. 
The theoretical basis for the method and the necessary equations 
have been described. It is necessary to describe only the prepar-
ation of the reaction mixtures, the technique used to take the 
polarograms, and the experimental results. 
Solutions were prepared by mixing 10 ml of 0.0100 M sodium 
copper chelate, 10 ml of 0.0100 M rare earth nitrate, 10 ml of 
0.10 M sodium acetate, 10 ml of 0.10 M acetic acid, 9.1 ml of 1.00 
M KNO~ (to adjust the ionic strength to a value of 0.10), and 
diluting the solution to 100 ml in 100-ml volumetric flasks. After 
mixing, the solutions were allowed to equilibrate for 24 hours in 
a constant temperature water bath (20.00 + 0.02°C for the EDTA 
chelates and 25.00 + 0.02°C for the HEDTA-chelates). The acetic 
acid-sodium acetate-buffer buffered the solutions to a pH of 
approximately 4.65. The two reference solutions contained the 
same concentrations of acetic acid, sodium acetate, and potassium 
nitrate; but did not contain rare earth nitrate. One reference 
solution contained 10 ml of 0.0100 M sodium copper chelate and the 
other one contained 10 ml of 0.0100 M copper sulfate or copper 
nitrate. 
The measurements were made with a. Sargent Model XXI polaro-
graph. An H type cell was used, with the dropping mercury 
electrode in one side and a saturated calomel electrode in the 
other side; contact being made through a porus plug. Two drops 
of basic fuchsin (0.2~ ) were added to the solutions in the electro-
lytic cell and pure nitrogen was bubbled through the solutions (to 
remove any oxygen) for 20 minutes before each polarogrmn was taken. 
The stability constants were calculated from the experimental id 
values by the use of equation (38). These results are given in 
Tables 8 and 9. 
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Table 5 
Results i'or the Potentiometric Determination oi' the ·Rare Earth-EDTA" 
Stability Constants* 
Rare Corrected -log Av. 
Earth "a" pH Krv , , 
-log IV log KMY 
La+3 0.50 L~. 92 13.05 
0.85 .5 .12 13.00 
lo20 5.29 ' 13.00 13.02 15.14 
1.50 5.~ ' 13.02 1.75 5.5 13.01 
ce+3 0.50 4-71 12.29 
0.85 4.92 12 ·39 
1.20 5.08 12.35 12-35 1).81 
1.50 5.21 12.~3 
1.75 5.36 12. 0 
·pr+3 0.50 4.60 12.04 
0 .85 4.80 12.02 
1.20 4.92 11.87 11.99 16.17 
1.55 5.15 12.05 
1.75 5.22 11.98 
Nd+3 0.51 4.51 11.70 
0.84 4·70 11.72 
1.20 4.86 11.68 11.68 16.48 
1.50 5.00 11.68 
1.75 5.10 11.62 
sm+3 0.50 4·36 11.17 
0 . 85 4-54 11.18 
1.20 4· 72 11.2~ 11.19 ' 16.97 
1.55 4.85 11.1 
1.75 4·97 J:l.21 
·:!-Temperature = 20.00.:!: 0.02°C; ionic ·strength = 0.10; 
supporting electrolyte = KCl. 
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Table 5 (continued) 
Rare Corrected -log Av. 
Ed.rth n a :r pH Krv -log IV log Kl'v!Y 
-su+3 0 .50 L~.J3 il.04 
0 .85 LJ . • 5o 11.03 
1.20 4. 65 11.01 11.05 l'(.ll 
1. 50 )+. 81 11.09 
1.75 !!·· 93 11.09 
Gd+3 0._50 4.32 11.00 
0.05 ~ .• 50 11.03 
1. 20 ~-. 63 10.93 11.04 17.12 
1.55 4. 8 .3 11.07 
1.75 4· '1 )+ 11.12 
'l'b+3 0.50 Lt.. 21 10.46 
0 . 85 4.36 10 ·~-0 
1.20 JJ .• 52 10. 53 10.49 17.67 
1.50 )' L J 10.51 ll-. 0 .. ~ 
1.75 )_I·· 74 10 .47 
Dy+3 0.50 '-~ .15 10.05 0. 85 Lt. . 29 10 .31 
1.20 I' ~ 10. 20 10.17 18 .01 L!- • ) f. 
1.50 1 5'J 10.17 -~. ) 
1.75 LJ . • 65 10 .13 
s o+3 o.so L~.l~ 10. 00 
u . o5 !1 .• 2c 10.0~ 
1.20 4.40 10. 01" 10 .07 18 .1 l r:'J 4.55 10.08 . ·.:;>5 
l-75 4.65 10 .13 
Er+3 o.so 4-09 9 .61 
0.85 ~ .• 22 9 . 67 
1.20 4·~7 9 . 86 . 9 .76 18 .4 1.55 4· 9 9 . Gl 
1.75 4.58 9 .34 
Tm+3 0.50 4.03 8 . 95 
0.85 Lj..l5 1 .02 
1.20 !.~.26 9 .06 9 .15 19 .0 
1.50 4·3 9 9 .J2 
1.75 J.~.49 9 -3 8 
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Table 5 (continued) 
Rare Corrected -log Av. 
Earth nan pH Krv -log IV log K:MY 
Yb+3 0.50 4·03 8.95 
o.85 Lj_.l3 8.76 
1.20 4.26 9.06 9.06 19.1 
1.55 4-~9 9.32 1.75 4- 6 9.19 
Lu+3 0.50 L~.oo 8 -~2 0.85 Lj_.l2 B. o 
1.20 L~.23 8.71 8.68 19.5 
1.50 tt:~~ 8.76 1.75 8.92 
y+J 0.~9 4·15 10.10 
o. 4 4-r 10.22 1.19 · 8 10.~9 10.36 17.80 
1.59 4· 7 10. B 
1.79 L~.80 10.59 
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Table 6 
Results for the Potentiometric Determination of the 
Rare Earth-H'EDTA Stability Constants~" 
Rare Corrected -log Av. log 
Earth "a" pH Krv -log Krv KJVJV 
La+3 0.697 5.112 13.24 
0.930 5.257 13 .)0 
1.162 5.~64 13.27 13.29 13.22 1.394 5. 82 13.29 
1.627 5. 11 13.34 
ce+3 0.697 4.347 12.44 
0.930 L~.970 12.42 
14.08 1.162 5.087 12.43 12.43 
1.39)+ 5.196 12.43 
1. 627 5-316 12.45 
Pr+3 0.697 4-730 12.07 
0.930 4-859 12.08 
1.162 4.980 12.11 12.12 14.39 
1-394 5.097 12.13 
1.627 5.226 12.18 
Nd+3 0.697 4.637 11.78 
0.930 4.762 11.78 
1.162 4-876 11.79 11.80 14.71 
]. 0 394 )+.991 11.81 
1,627 5.122 11.86 
sm+3 0.697 4·~95 11.31 0.930 L~. 16 11.)2 
1.162 fr·735 11-35 11.36 15.15 1-394 .850 11.~8 
1.627 4.977 11. 2 
Eu+3 0.697 4-~8 0 11.26 0.930 4· 00 11.27 
"' 1.162 4· 718 11.30 11.30 15.21 
1.394 4-832 11.32 
1. 627 4.959 11-35 
~*"Supporting electrolyte = KCl; temperature = 25.00 + 0.02°C; 
ionic strength = 0.10. 
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Table 6 (continued) 
.. 
Rare Corrected -log Av. log 
Earth "a" pH Krv -log Krv KMV 
Gd+3 0.697 4.517 11-39 
0.930 4·636 11.49 1.162 4· 754 11. 1 11.41 15.10 
1.394 4.885 11.48 1.627 4·998 11. 7 
Tb+3 0.697 L~. 517 11.39 
0.930 4.637 11.39 
1.162 L~. 7.55 11 . L~J 11.41 15.10 
1.394 4.863 11.41 
1.627 4.989 11.45 
Dy+3 0 . 697 4.517 11. ?t 9 
0. 930 4. 640 11. ~0 
15 .o8· 1.162 ~-· 758 11.42 11.43 
1.394 4·873 11.44 
1.627 5.001 11.49 
Ho+3 0.697 4.524 11.41 
0.930 L~ . 6~5 11.41 
11.45 1.162 4 7 I ll.4J+ 15.06 
1.394 4:s8i 11.47 
1.627 5.008 11.52 
Er+3 0.697 4.~89 11.29 0.930 4· 08 11.)0 
1.162 4·729 11-33 11.33 15.17 
1.394 4.842 11.45 1.627 4·971 11. 0 
Tm+3 0.697 4·432 11.09 
0.930 4·5~9 11.10 1.162 4·6 tt 11.12 11.13 15.38 1.394 4·77 11.15 
1.627 4.903 11.19 
Yb+3 0.697 L~.458 10.81 0.930 4 · 74 10. 8~ 1.162 L~.584 1C.8 10.87 15.64 
1.394 4.697 10.89 
1.627 4.823 10.95 
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Table 6 (continued) 
Rare Corrected -log Av. log 
Earth "a" pH KIV -log KIV KMV 
tu+J 0.697 4·~22 10.68 0.930 4· 29 10.68 
1.162 4·539 10.71 10.72 15.79 
l.J94 4.652 10.74 
1.627 4·775 10.80 
y+3 0.697 4.701 11.98 
0.930 4.827 11.99 
14.49 1.162 4·952 12.02 12.02 
1.394 5.066 12.03 
1.627 5.194 12.08 
Table 7 
Source and Numerical Value of Constants used in Calculations 
Temperature 
Constant log K degrees C Reference 
Kcutren 19.1 20 " (4!t) 
If 19.1 25 (23) 
KcuY 18.8 20 (3 7) 
Kcuv 17.4 29.6 (46) 
KH3tren 28 ·44 20 (24) 
" 28.24 25 (23) KH4Y 2.0 20 (45) 
KH3Y 2.67 20 (45) 
KH2Y 6.16 20 (45) 
KHY 10.26 20 (45) 
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Table 8 
Polarographic Determination of t he Rare 
EJ.rth-EDTA Stability Constants·:~ 
Rare Earth % Uncomplexed log KIVIY copper 
La+3 uncertain 
- - -
ce+3 4.1 16 .0 
Pr+3 4. 6 16 .2 
Nd+3 5.9 16.4 
sm+3 8 .7 16. 7 
Eu+3 10.4 16 .9 
Gd+3 11.9 17.0 
Tb+3 24.1 17.80 
Dy+3 32.5 18 .17 
Ho+3 48.1 18.73 
Er+3 55.0 18 . 97 
Tm+3 68 . 8 19.~9 Yb+3 76.3 19 . 1 
Lu+3 81.3 20.07 
y+3 28 .1 17 .98 
*Temperature = 20.00 + 0 .02 6 C; ionic strength = 0.10 ; 
supporting electrolyte = KN03. 
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Table 9 
Polarographic Determination o.f the Rare 
Earth-HEDTA Stability Cons tants-:c 
Rare Earth % Uncomplexed log KMV copper 
sm+3 7.7 1.5 .J 
Gd+3 9.0 1.5.4 
ny+3 8.1 1.5 ·~ Ho+3 8.6 1.5 0 
Er+3 9 • .5 1.5.4 
Tm+3 10 • .5 15 • .5 
Yb+3 14·4 1_5.8 
Lu+3 17.2 16.0 
y+J 4.8 14.8 
4~Temperature = 25.00 ± 0.02°C; ionic strength- 0.10; 
supporting electrolyte = KN03. 
Discussion and comparison o.f results 
Acid association constants o.f HEDTA. After the acid associa-
tion constants were measured, it was .found that they were not 
needed .for the potentiometric calculations because o.f the very 
small contribution o.f H3V, H2V-, and Hv-2 to the total concentra-
tion o.f HEDTA in reaction IV. It was necessary to make the 
measurements so as to validate the potentiometric method, since 
it was impossible to predict their quantitative effect with exact-
ness. Table 10 shows a comparison o.f the values obtained in this 
research with the only other value reported in the literature. 
Considering the difference in temperature, the values agree very 
well. The agreement is certainly as good, i.f not better, than 
that .for the EDTA acid association constants that are reported in 
the literature. 
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Table 10 
HEDTA Acid Association Constants 
Temp. Ionic 
Kl K2 K3 oc Strength Reference 
2.90 5.41 9.89 25.0 0.10 this 
research 
2.6 5o33 9o73 29.6 0.10 <46) 
The EDTA stability constants. It should be noted that no 
uncertainty has been given to the values of KMY in Table 5 or 
Table 8. The reason for this is that these constants are directly 
dependent upon the values for the constants KcuY' KH tren' and 
Kcutren• Uncertainties have been reported in the li~erature for 
tnese constants, but the constants themselves have been changed 
much more than the reported uncertainties. This is particularly 
true of KcuY which Schwarzenbach has chang ed from his original 
value of 10IB,38 to 1018.80. However, because of the ion-exchange 
applications of the chelating agents, the relative values of the 
rare earth stability constants are more important than absolute 
values. If the constants reported in Table 7 are assumed to be 
correct, then a number of interesting observations can be drawn 
from the experimental data. 
There are two sources of error in the potentiometric 
determinations. The least important source of error is that 
associated with the inability to measure the solution pH values 
more accurately than~ 0.02 units. Any error in the pH determina-
tion influences the value of n oJ. ", because the hydrogen-ion 
concentration enters into equation l35 a) as f:HJJ. Equation (11) 
also contains a third power term, ~H~3. The errors inherent ih 
the pH measurements cause an error of ~ 0.06 units in KMY• 
The second ~ource of error is more serious. As soon as the 
stability of the rare earth complex MY- is no longer smaller than 
the stability of the copper complex cuy-2, reaction VIII will take 
place to a considerable extent as soon as Na2 CuY and MC13 are 
mixed together. 
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In case of a complete displacement of the equilibrium of equation 
VIII to the right side (KMY >> Kcuy), the complex MY- would be 
formed to 100% during the initial mixing process and the neutral-
ization of the solution with NaOH would not be influenced by the 
formation of the rare earth complex. It would be impossible to 
obtain any information as to the stability of the complex MY-
from pH measurements of such a reaction . As the stability of 
MY- increases, equilibrium VIII is shifted more and more to the 
unfavorable right side. The magnitude of this shift is shown by 
the inconsistency of the values of -log Krv in Table 5 for each 
rare earth . The inconsistency increa ses toward the heavy rare 
earths. 
The values in Table 5 indicate that the constants 9 KMY, are 
fairly accurate up to the element terbium. Only very approximate 
values can be obtained for the last six elements by this method. 
Figure 1 shows the potentiometric values with an uncertainty 
estimated on the basis of the facts presented. 
Only one source of error is apparent in the polarographic 
determinations; namely, the error made in t h e determination of 
the percentage of uncomplexed copper. This error amounts to about 
+ 2% and should be the same for all of the determinations. When 
these limits are introduced into equation (38 ), larger errors are 
found for the light r are earth stability constants and smaller 
errors for the heavy rare earth constants. The values range from 
± 0.4 units for the cerium complex to ± 0 . 12 units for lutetium. 
These relative errors are also represented in data g iven in Figure 1. 
From the data presented, it is quite evident that the polarographic 
method g ives better values for t h e he a vy rare earths an d less accu-
rate values for the light rare earths. Thus , the potentiometric 
and polarographic values supplement each oth er. 
The uncertainty rang es of the v a lues ob t a ined by the two 
independent methods overlap u p t o the element dyspro sium. The 
polarographic values are definitely higher t h an the potentiometric 
values. This difference may b e real, in spite of the larg e errors 
inherent in the potentiometric values for the heavy rare earths. 
If this is so, the difference may be due to the chang e in the 
supporting electrolyte, i . e., resulting f rom substitution of KNOj 
for KCl. These differences c an be exp l a ined if we a ssume that tne 
rare earth cations form chloro complexes to a sligh t extent in 
0~1 M KCl, thus reducing the a pparent formation constant of the 
complex MY-. If only the most simple of such chloro complexes 
(!) 
0 
.....J 
ATOMIC 
p POTENTIOMETRIC VALUE WITH 
UNCERTAINTY RANGE 
+ POLAROGRAPHIC VALUE WITH UNCERTAINTY RANGE 
NUMBER 
Figure l. Rare Earth-EIJI'A Stability Constants 
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with the cOElposition MC1+2 are considered, the stability constant 
can be calculated from the difference between the two values found 
for KMY in 0.1 M KCl and 0.1 M KN01 ft The value of 28 for the 
stabiiity constant of 1uc1+2 explains quantitatively the difference 
found for KLuY• The chloro complexes would b e less stable for the 
other• rare earths. 
In order to prove this assumption~ the polarographic method 
was applied to solutions containing chloride in place of the 
previously used nitrate. ~he method and solution concentrations 
were exactly thA same as previously stated except for the chloride 
to nitrate shift . Instead of the original two-electron wave with 
El/2 = 0.0~. V~ two one-electron waves due to the stepwise reduction 
of uncomplexed copper Cu II to Cu I and Cu I to Cu0 are found. 
The first wave is situated to the left and the second to the right 
of the orig inal two-electron wave observed in KN03 • The first 
wave lies in the positive potential r~nge and overlap s with the 
anodic oxidation of mercury. The height of the second wave is 
proportional to the coricentr~tlon of uncomp lexed copper, but it 
is impossible to measure this height exactly because of partial 
overlapping of the first wave and some interf erence from the wave 
representing the reduction of the complex CuY-2. The errors in-
volved in the determination of the concentration of uncomplexed 
copper are about ..± 47~ · This eliminates application of the method 
to the light rare earths o The results for the heavy rare earths 
are consistent with the potentiometric measure~ents. The polaro-
graphic chloride values are g iven in Table II and are also repre-
sented in Figure 1 . 
The assumptio n of the formation o.f rare earth ch loro complexes 
was rechecked by determining the ytterbium value with perchlorate 
as the supporting electrolyte. This value was .found to b e identical 
with the polarographic nitrate value " The stability constants of 
the rare earth-EDTA complexes have been measured by two o ther groups 
of workers . Vickery's work (22) was published in IVIay , 1 952 , and 
became accessible about the time the author had completed the 
potentiometric and polarographic measurements of the rare earth-
EDTA stability constants . The results obtained by Schwarzenbach 
(37) were published a year a.fter those o.f the author (21) . All 
of the values are shown in Table 12 .for comparison. 
The HEDTA stability constants. The accuracy of the HEDTA 
stability constants depends directly upon the accuracy of Kcuv• 
This constant was determined at 29.6°C. However, its magnitude 
would probably not be changed much more than the experimental 
error with a temperature chang e o.f only 4.6°C. Schwarzenbach 
.. 
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reports a value of 18.8 for Kc~Y' measured at 20°0, while Loomis 
gives a value of 18.6 for the same constant measured at 25°0. 
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Sinc.e the rare earth-HEDTA complexes are all considerably 
weaker than the copper-HEDTA complex, a reaction such as that 
represented by equation VIII does not occur in the rare earth-HEDTA 
systems. This is substantiated by the consistency of the -log Krv 
values for given rare earths (see Table 6). 
A Beckman Model GS pH meter was used for the HEDTA potentio-
metric measurements. The pH values obtained with such an instrument 
are more accurate than the buffer used to standardize the meter. 
Since sufficient buffer solution was prepared at the beginning of 
the experiments to standardize the pH meter with the same buffer 
each time, the pH measurements have an absolute accuracy of only 
± 0.01 pH units, but have a relative accuracy of ± 0.0025 pH units, 
the limit of the pH meter. 
Thus, errors in determining the pH of the various solutions 
have an effect upon stability constant of only + 0.03 units. 
~ecause of the uncertainty of the values of other constants, 
KH~treg' Kcuv, and Kcutren' the values of log KMV reported in 
Ta~le probably have an absolute uncertainty of about ± 0.2 units. 
The relative values of the constants within the rare earth series 
are probably of the order of + 0.06 units or less. 
The uncertainty in the values of the polarographically 
determined rare earth-HEDTA stability constants is much larger. 
This is a direct result of the instability of KMV compared to 
KcuV• The equilibrium in equation VIII is shifted predominately 
toward the left. As a result, less than 20% of the total copper 
is uncomplexed. Since an error of ± 2% is committed in measuring 
the copper, the constant KMV is accurate to only± 0.2 to ± 0.4 
units. With a relative error of this magnitude, a comparison of 
values of KMV given in Tables 6 and 9 shows that the values deter-
mined by two independent methods do agree reasonably well. The 
errors are so great that the light rare earth constants could not 
be measured by polarography. Figure 2 shows the potentiometric 
and the polarographic values with uncertainties estimated on the 
basis of information given above. 
Only one other rare earth-HEDTA stability constant is available 
for comparison. Fulda and Fritz (43) report a value of 13.0 + 0.4 
for log KLaV• This value compares favorably with the value of 
13.22 reported in Table 6. It is unfortunate 'that the value 
reported by Fulda and Fritz has such a large uncertainty. 
Rare 
Earth 
La+3 
ce+3 
Pr+3 
Nd+3 
sm+3 
Eu+3 
Gd+3 
Tb+3 
ny+3 
Ho+3 
Er+3 
'rm+3 
Yb+3 
Lu+3 
y+: 
Table 12 
Stability Constants of the Rare 
E'rth-EDTA Complexes* 
log KrviHY 
log KMY Vickery (22) 
This research log KMY Schwarzenbach (37) (Potentio-
(Potentiometric) (Polarographic) (PolarograpblcL__ __ m_e_tricl 
15 .11!- - - - 1_5.50 15.30 
1,5.81 16.0 15.98 16.05 
16.17 16.2 16.40 16.55 
16.)+8 16.4 16.61 16.75 
16.97 16.7 17.14 17.2 
17.11 16.9 17-35 - - -
17.12 17.0 17-37 17.2 
17.67 17.80 17.93 - - -
18.0 18.l7 18 .)0 17.75 
18.1 18.73 - - - - - -
18 ·4 18.97 18.85 18.15 
19.0 19.49 19.32 - - -
19.1 19.81 19.51 18.70 
19.5 20.07 19.83 - - -
17.8 17.98 18.09 18.0 
~~All-value:s-were measured at 20°C and at an ionic strength of 0.10. 
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Summary and Conclusions 
1. The stability constants of the complexes formed between 
the rare earth metal ions and the anion of ethylenediaminetetra-
acetic acid have been measured at a temperature of 20.0°C and an 
ionic strength of 0.10 by two independent methods. The two methods 
are shown to supplement each other, one being more accurate for 
the lighter rare earths and the second method more accurate for 
the heavy rare earths. 
2. In the first method, the rare earth-EDTA stability con-
stants were calculated from measurements of the equilibrium 
constants of reactions involving competition between EDTA and a 
polyamine chelating agent, triaminotriethylamine, for the rare 
earth ions. Tne equilibrium constants were calculated from pH 
measurements upon the various reaction mixtures. 
3· The second method is based upon the fact that it is 
possible to measure the concentration of free uncom~lexed copper 
II ions in the presence of the copper complex, cuy-c:, by polaro-
graphic means. The rare earth-EDTA stability constants are 
determ.tned by measuring the amount of copper II ions liberated 
when equal molar quantities of the copper-EDTA complex and a rare 
earth salt are mixed together. 
4· The acid association constants of n-hydroxyethylethylene-
diaminetriacetic acid were measured from pH titration curves 
obtained by potentiometrically titrating the acid vvi th standard 
KOH at 25.0°C and an ionic strength of 0.10. 
5. The stability constants of the complexes formed between 
the rare earths and the anion of N-hydroxyethylethylenediamine-
triacetic acid were measured at a temperature of 25.0°C and an 
ionic strength of 0.10. The methods used were those described 
in paragraphs 2 and 3. The potentiometric method is shown to 
give more accurate constants with these particular chelates. 
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SEPARATION OP THE RARE EARTHS BY ION-EXCHANGE METHODS 
Historical Review 
No attempt has been made to review the extensive literature 
dealing with the separation of the rare earths by non ion-exchange 
methods, since they have little or no application to the work 
described in this thesis. The separation of any of the trivalent 
rare earths in pure form by the early fractionation methods required 
a great amount of time and labor. Consequently, it became obvious 
to those con}}erned with the problem that ·if the pure rare earths 
were to become available in useful quantities, a method or methods 
would have to be developed whereby the thousands of fractional 
operations needed could be performed rapidly and automatically. The 
development of ion-exchange techniques has provided a means of accom-
plishing this task. 
Any separation that is achieved by chromatography or ion 
exchange results from repeated application of the equilibria de-
scribed in ~implified form by equation (IX) and equation (X). 
uM +v + vN +u~~vN +U + uM +v 
s r s r 
Kix = f"Ns_/v fMr _} u 
fMsju f Nr J v 
M+3 + NY-1 ~ MY-1 + N+3 
(IX) 
(50) 
(X) 
(51) 
Equation (IX) repreBents the simple exchange of a cation in solution 
for a different cation on the resin. Kix will usually be different 
for each pair of cations considered. In some cases KIX will have 
a value very close to unity. This means that the resin exhibits 
very little selectivity between the two cations consider.ed. When -
KIX has a value significantly different from unity, the two cations 
can usually be separated by a simple elution down the exchange 
medium by a third cation. 
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Equation {X) represents the exchange of one rare earth ion 
in solution for a different rare earth ion in a chelate complex 
which is also in the solution phase. Since it is difficult to 
represent unambiguously all possible chelate exchange reactions 
by a simple general equationp the rare earth ethylenediaminetetra-
acetate exchange is given as an example. Kx has a different value 
for each of the rare earths. This means that in a mixture of two 
different rare earth ions~ the chelating agent prefers to complex 
with one rather than the other. This preference provides a second 
means of separating the ions. 
For ions of the same charge~ the absolute magnitude of Kx is 
usually much greater than the absolute magnitude of Krx . Some rare 
earth enrichments have been achieved by the use of the simple ex-
change represented by equation (IX)~ but more of the successful 
separation methods involve the use of a complexing agent. In such 
processes~ both Krx and Kx are involved. Since it is possible to 
have equation (IX) enrich in one direction and equation (X) in the 
opposite direction~ care must be exercised in the choice of oper-
ating conditions, the exchange medium 9 and the chelating agent. 
A reverse enr4chment by equation (IX) can be tolerated if 9 and only 
if' jKxl >> IKix J· 
Separations reported prior to the year 1945 
The first attempt to separate rare earths by a chromatographic 
technique was made by Land and Nagel (58) in 1936. They proposed 
a method which depends upon the difference in adsorbability (in 
Kix). A chromatogram was developed with pure solvent. Then 9 the 
whole adsorbent phase was extruded bodily from the column and the 
individual concentration zones isolated by excision. These workers 
were able to obtain some slight enrichments, but no separation of 
any rare earths. 
Five years elapsed before any other attempts at rare earth 
chromatographic separations were reported. In 1941, Finnish and 
Italian r.apers describing work with alumina columns were published. 
ErRtmets~ and his co - workers (59 9 60) passed mixtures consisting 
of commercially available yttrium and erbium nitrates of known 
composition through an alumina column at different pH values. 
Effluent fractions were examined by spectrographic and other 
methods of analysis. The yttrium group was 9 in general , more 
strongly adsorbed than the cerium group, and the enrichments seemed 
to be fairly independent of the pH. No quantitative evaluation of 
the concentrates was obtained. It is of special interest that these 
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workers developed chromatograms of the citric acid complexes of 
the rare earths, and that a reversal of the usual adsorption series 
for the light rare earths then took place; indicating that the 
equilibrium described by equation (X) became dominant over that 
described by equation (IX). 
Graotto (61) developed a chromatogrrun of a binary mixture con-
sisting of trivalent lanthanum and cerium on a column of activated 
alumina. He reported only that cerium was more strongly adsorbed 
than lanthanum. 
The use of ion-exchang e materials for the attempted separation 
of the rare earth elements was reported for the first time in 1943 
by Russell and Pearce (6 2). They carried out single and multiple 
stage operations. Various ion exchangers were tested and columns 
fifty feet long , containing crystallite No. 20 a s exchanger, were 
used in t h e multiple stag e experiments. These authors did not use 
chelating agents in their exp erimental work. The rare earth ions 
of decreasing ionic radius were, therefore, attached more firmly 
to the zeolite lattice than the larger ions. BY regeneration of 
the base exchanger, the rare earth ions were differentially removed; 
the largest ions tending to be removed first. Russell and Pearce 
obtained some enrichments~ but were not able to separate any . 
adjacent rare earths into pure components. 
Development of the citric acid procedures 
The occurrence of rare earth elements in the fission products 
provided great impetus to the development of ion-exchange separa-
tion s within the Manhattan Projecx. This effort has been briefly 
reviewed by Joh nson, Quill, and Daniels (63). Two separate ion-
e x ch ange projects were carried out: the development of methods 
for separating t h e fission products on a radio-tracer scale, and 
the development of methods whereby macro quantities of the pure 
rare earths could be sep arated. The latter separations were 
necessary before the physical and chemical properties of the indi-
vidual pure rare earths could be investigated. Both projects were 
tremendously aided by the development of various high-capacity 
synthetic org anic ion-exchang e resins. 
' 
Resin properties and column techniques.* Most of the successful 
r are earth ion -exch ang e sep arat i ons have been carrie d out on high-
capacity nuclear s u l f onated styrene-divinylbenzene copolymer type 
~~A preliminary d e s crip tion of ion-exchange resins and ion-
exchan ge column operations is presented prior to a review of the 
citrate proces s es for t h e benefit of the reader who may be un-
familiar with such oper a tionso 
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resins. These resins are sold . under such trade names as Nalci te 
HCR, Dowex-50, and Amberlite IR-120. 
The hydrogen ions from the acidic groups can be replac.ed by 
other cations. If hydrogen is attached to these groups, the resin 
is said to be in the hydrogen state or cycle and~ similarly, if 
ammonium or sodium ions are attached, the resin is said to be in 
the ammonium or sodium cycle. 
Due to the porous structure of the resin particles, positive 
ions and neutral molecules can diffuse throughout the resin as long 
as electrical neutrality is maintained. Whenever a positively 
charged ion enters into the resin lattice, it is necessary that 
an anion accompany it or that another positive ion leave the resin 
phase. If the ionic strength of the solution outside of the resin 
particles is kept low, negative ions are effectively prevented 
from entering into the resin phase by the relatively high concen-
tration of fixed negative sulfonic acid groups within the resin 
particles. It has been clearly shown by many experiments that each 
gram of dry resin has a fixed number of acid groups, depending upon 
the manufacturing conditions. Thus~ if the ionic strength of the 
external solution is kept relatively low~ the resin will exchange 
an eq~i~alent number of positive charges, whether they are associ-
ated with hydrogen, ammonium, calcium, rare earth, or any other 
cation. 
An ion-exchange column is prepared by washing the appropriate 
resin particles into a glass tube, open at one end and containing 
a filtering device such as glass wool or a sintered glass disk at 
the other end so as to support the resin bed within the tube. The 
column is fabricated in such a manner that the solution can be 
withdrawn from the column~ below the filter support, through a 
small tube, and the flow rate regulated by a pinch clamp. Usually 
a number of columns are prepared and used simultaneously. 
The resin beds are backwashed with water, prior to use, in 
order to eliminate any fine particles which were not removed by 
previous screening and to obtain a uniformly packed bed. If rare 
earths are to be separated, mixed rare earth oxides are dissolved 
in hydrochloric acid and a known quantity of the acid solution is 
poured into the column -- the amount depending upon the length of 
adsorbed band desired and the diameter of the bed. The rare earth 
ions displace an equivalent quantity of ions from the resin and 
form a saturated band of rare earths at the top of the column . 
The associated anions and the displaced cations are washed from 
the resin by pure water. The column, prior to elution, consists 
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of an absorbed band of rare earths at the top of the exchange bed 
and an absorbed band of hydrogen or ammonium ions below it, with 
a very sharp and level band front between them. 
The elution process is accomplished by passing a solution 
containing an ammonia-buffered chelating agent downward through 
the column at a controlled rate. As the band of rare earths is 
displaced down the column, separation is achieved by the competi-
tion of the resin and the chelating agent for the rare earth ions. 
Since some rare earth ions form stronger chelates, they tend to 
concentrate toward the front of the rare earth band, leaving the 
rare earths which form weaker chelates to concentrate toward the 
back of the band. Break-through occurs when the rare earth ions 
first appear in the eluate solution. n1e separation process is 
completed by fractionating the rare earth containing eluate solu-
tion as it flows from the column. 
Elution with 57;, citric acid at low pH. The process by which 
rare earth ions are eluted down an ion-exchange resin bed in the 
hydrogen cycle -- in a few specific cases in the ammonium cycle --
with a solution of 5fo citric acid, buffered to a pH of 2.5 to 3.2 
with ammonium hydroxide, was developed during and immediately after 
World War II at the Ames Lab (47,48,49) and simultaneously and 
independently at Oak Ridge (64,65,66,67 9 68,69). Spedding and his 
co-workers we~e primarily interested in developing a process for 
separating macroscopic quantities of rare earths in pure form, 
while the scientists at Oak Ridge were interested primarily in 
rare earth separations on a radio-tracer scale. 
When a band of adsorbed rare earth ions is eluted with 5% 
citric acid at a pH of 2.5 to 3.2, the band spreads out as it 
progresses down the resin bed and continues to expand as long as 
it is on the column. Analyses of the resin show that the mole 
fraction of rare earth to ammonia continually varies throughout 
the adsorbed band. The concentration of rare earth per unit length 
is not constant across the length of the band, but is greates t in 
the center. Consequently, dS the rare earth band moves off the 
bottom of the column, a bell-shaped elution curve -- concentration 
versus volume -- is observed . As a consequence of the continually 
lengthening band, the longer the column through which a band is 
eluted, the flatter will be t he bell-shaped elution curve. The 
ammonium ion of the eluant constantly overrides t he rare earth 
band front, resulting in the elution of the rare earth band down 
an ammonium resin. .1. number of experiments were performed at 
Oak Ridge using ammonium-cycle resins. The results obtained were 
practically the same as with a hydrog en-cycle resin. The individual 
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rare earth bands travel at different rates so that their maxima 
grow progressively farther apart as the elution is carried out. 
The overlapping of one band into another is considerable unless 
the adsorbed band travels many times its original length. 
This method is very satisfactory for separating tracer 
quantities because the originally adsorbed band may be only a 
few millimeters long. Such a short band can very easily be eluted 
many band lengths, and a continually growing band is desirable, 
if not absolutely necessaryy for fractionating the separated ions 
as they elute off the bottom of the column. The very factors which 
make the method desirable for tracer-scale separations make it 
ineffective for separating macro quantities. Ih such separations, 
the originally absorbed band may be several meters long. Because 
of this 9 and the band 1 s continual growth, it is extremely imprac-
tical to elute the band enough lengths to effect a good separation. 
The research described in this thesis is primarily concerned with 
the separation of rare earths on a macroscopic scale. Therefore, 
no further attempt is made to review the numerous papers found in 
the literature describing elutions with 5% citric acid. 
Elution with 0.1% citric acid at high pH.. It became evident 
to Spedding and his co-workers at Ames that elution with 5% citric 
acid at a low pH is impractical for the separation of macroscopic 
quantities of pure rare earths. Spectroscopic eviden~e (50) was 
obtained which indicated that four separate distinct complexes are 
formed between rare earth ions and citric acid, each one becoming 
important as the pH and citric acid concentration are changed. 
Previous experiments had shown that the resin bed over which a 
rare earth band had been eluted was completely saturated with 
ammonium ions. This indicated that a desircible process might be 
one in which the rare earth band was eluted with a solution of low 
citric acid concentration.~> to conserve expense., and a high ammonium 
ion concentration, to ensure a rapid displacement of the rare earth 
band. 
In this method, a rare earth band is eluted down the resin bed 
with a 0.1% citric acid solution~ adjusted to a pH between 5.0 and 
8.0 with ammonium hydroxide (51.952.953,54,55,56). The only impor-
tant rare earth complex in this pH range was found to be the 
Mcit2e ion. Under these conditions, the rare earth band spreads 
out initially as it moves down a resin bed, until it reaches an 
equilibrium value. The equilibrium band leng th depends upon the 
eluant pH, but is approximately double the length of the originally 
adsorbed band at pH e.o. At lower pH values, the equilibrium 
length becomes greater and approaches an infinite length in the 
region of pH 5. The equilibrium band has very sharp front and rear 
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edges. The elution curve is rectangular in shape rather than 
bell-shaped. Under these conditions, the concentrations of the 
total rare earth, the lli~monium ion, and the hydrogen ion in con-
tact with any part of this band dre constant and the ratios of 
these constant values are the same in the eluate solution as on 
the resin phase in contact with the solution. Since the ammonium 
ion does not overrun the rare earth band , only pure hydrogen-
cycle resin is found ahead of the adsorbed band and pure ammonium-
cycle resin behind the rare earth band. If several individual 
rare .earth species are present in the originally adsorbed band, 
they tend to separate into individual bands which fo llow one 
another head to tail as the total band is eluted down the column. 
The boundaries between the individual species are very sharp once 
an equilibrium state has been reached, but they do not pull apart 
from each other. The sharpness of the individual rare earth band · 
fronts is a result of the equilibria set up between the various 
rare earth species and the slight differences in cit• concentra- · 
tion found for each of the individual rare earth bands. 
The sharp front and rear edges of the rare earth band and the 
rectangular shaped elution curve are a result of the constraining 
reactions which take place at the front and rear edges of the band 
once equilibrium conditions have been established. When the 
ammonium citrate eluant reaches the rear edges of the rare earth 
band, the ammonium ions are exchanged for rare earth ions, the 
ammonium ions being adsorbed on the resin dnd the rare earth ions 
being chelated by the citrate anions. The equilibrium constant 
for this reaction is quite lctrge so the reaction goe s to comple-
tion. As the rare earth citrate complex passes through the rare 
earth resin bed, a continual exchange takes place. The citrate 
anions compete with the resin for possession of the rare earth 
ions. Separation is achieved by this exchange since each time an 
exchange takes place, a separation coefficient is applied to the 
sys tern. When the rare earth citrate complex reaches the front 
edge of the band , the rare e~rth is readsorbed on the resin in 
place of hy drog en and citric acid (which then flows on out ' the 
bottom of the column) is formed. Once again the equilibrium con-
stdnt is very lar ~e and the reaction goes to completion. The 
reactions at both ends of the rdre earth band are driven further 
to completion because the reaction products are removed from the 
reaction zones. 
This method has been successfully used on a pilo t p lant scale (70). Killogram quantities of all the rare earths have been 
separated with a purity of 99.99% or better. 
64 ISC-63 7 
Spedding and Powell (71,72) have proposed a theory which 
explains the formation of the sharp bands and the rectangular 
elution curves. There are twelve important unknown variables 
in this system, but it is possible to write twelve independent 
equations involving only material balances, electrical neutrality, 
stability constants of the various complexes formed, and the 
equilibrium conditions . The authors .found that, knowing the 
composition of the eluant, the capacity of the resin bed, and 
the total amount of rare earth adsorbed on the resin, they could 
solve the twelve equations and calculate the concentrations of 
all ionic species in the eluate and on the resin to better than 
1%, accuracy. The theory also enabled them to calculate the equi-
librium lengths of the adsorbed bands on the resin bed. 
Ion-exchange separations using amino-polyacetic acids 
Several amino-polyacetic acid chelating agents have been used 
in attempting to separate the rare earths by ion exchange. Halleck 
and Hartinger (73) performed a series of experiments in which they 
adsorbed a mixture of light rare earths on a bed of Nalcite HCR 
resin and selectively removed them from the column by pouring 
successive quantities of a chelating agent through the column. 
The rare earths were initially adsorbed onto various types of 
resin bedS 9 namely, beds in the hydrogen, sodium, potassium or 
ammonium cycle. The authors compared the effectiveness of 
ethylenediaminetetraacetic acid~ o-diaminocyclohexane tetraacetic 
acidj bis(2-aminoethyl)ether tetraacetic acid and ethylene glycol 
bis (2-aminoethyl)ether tetraacetic acid. They report that the 
best enrichments were obtained with the last named chelating agent 
at pH 6.75. However, they did not obtain any pure rare earths. 
Several investigators have recognized the potential advantage 
of using EDTA as an eluant for ion-exchange separations 9 but evi-
dently they have not found the proper conditions for separating 
the rare earths by this means (74 9 75,76 9 77). In all of the work 
thus far conducted 9 except that to be described later in this 
chapter, a rare earth mixture was adsorbed on either a hydrogen 
or an ammonium cycle resin bed prior to elution. When a rare 
earth band is eluted onto hydrogen cycle resin with ammonia-
buffered EDTA, the sparingly soluble free acid of the chelating 
agent crystallizes out of solution at the rare earth-hydrogen 
boundary. 
This results from the great increase in the hydrogen-ion 
concentration at the boundary as the rare earth band is eluted 
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down the resin bed. In most cases, the acid precipitate blocks 
the column and prevents further elution. Vickery (74) and Freiling 
and Jl.yer (75) performed some separations using such a low eluant 
concentration that no precipitate could be observed . Such condi-
tions are not at all practical for macroscopic sepclrations . 
Taylor (76) performed some experiments with an ammonium bed ahead 
of the rare earth band. He reported that the ethylenediaminetetra-
acetate complexes of the rare earths and thorium are so strong 
that little, if any, exchange occurs between the complex and the 
resin bed. Taylor concluded that EDTA is suited only for stripping 
the exchanger of adsorbed ions . 
IJitrilotriacetic acid was used by Iya and Loriers (77) to 
separate scandium from the rare earths. The eluant consisted of 
20 gra~s of nitrilotriacetic per liter adjusted to pH 4 with 
ammonium hydroxide. The ions to be separated were adsorbed in a 
band at the top of a column of Dowex-50 in the hydrogen cycle . 
Then, before pouring the eluant through the column, a solution of 
ammonium chloride was passed through the column to convert the 
hydrogen resin to ammonium resin . With such a system, true elution 
probably did not occur . The scandium and rare earth nitrilotri-
acetate complexes are so stable that little or no readsorption 
could hci.ve taken place . The ions were merely selectively removed 
from the resin bed, scandium being removed first . Fitch and Russell 
(78,79) used a comparable method for selectively removing some 
light rare earths from a b ed of Amberlite IR - 120 resin with nitrilo-
triacetlc acid. In t h is case , 25 grams of crude didymium oxide 
were dissolved in HCl and adsorbed on a bed of ammonium cycle resin 
from a solution of pH 2. A 0.5;? solution of nitrilotriacetic acid 
adjusted to pH 5 . 0 with a~monium hydroxide was used to selectively 
remove the rare earths from the column. A fair degree of concentra-
tion was achieved, but no pure rare earths were obtained . 
Use of SDTA as an Eluant 
The stability constants or the rare earth-EDTA complexes vary 
from 1015.1[\: for lanthanum to 1020 . 07 for lutetlum . The difference 
corresponds to a factor of 104 · 93 across the series or a mean of 
2.38 from one rare earth to the next. TI1e rare earth-citrate 
complexes have not been measured , but since EDTA is a possible 
hexadentate chelating agent while the two citrate anions associ -
ated with each rare earth ion are tridentate, the rare earth - EDTA 
constants should be much more sensitive to ionic size, and the 
differences between them should be larger than the differences 
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between those of the rare earth-citrate complexes. This section 
is devoted to describing the methods which were developed for 
utilizing the greater selectivity of EDTA to separate the rare 
earth elements by ion exchange. 
Ion-exchange resin used as a differential filter 
Discussion of problem. The citric acid method for separating 
the rare earths, as developed in the J~es Laboratory, depends upon 
the adsorption of a band of rare earths on a cation-exchange resin 
and the subsequent elution of this band down the resin bed. How-
ever~ a much more rapid process could be effected if the ion-
exchange columns could be used to adsorb differentially one rare 
earth or group of rare earths from a mixture and allow the others 
to pass through without being appreciably adsorbed. This technique 
has been tried by Fitch and Russell (78P79) and Iya and ~oriers (77) using nitrilotriacetic acid. 
The process consists essentially of complexing part of the 
rare earths in a mixture with EDTA~ then separating the complexed 
rare earth ions from the uncomplexed ions by passing the solution 
through an ion-exchang e resin bed in the ammonium cycle. The 
complexed ions pass through the column while the uncomplexed ions 
are adsorbed on the resin. A resin bed of sufficient capacity to 
adsorb all of the uncomplexed ions must, of course, be used. EDTA 
is particularly useful in this typ e of separation because of the 
stability of the complexes tha t are formed and the selectivity of 
the chelating ag ent. 
Materials 9 a pparatus, and experimental procedures. Two sepa-
rate experiments were devised to show the utility of this method. 
The first experiment involved the separation of a multigram sample 
of crude rare earths 9 extracted from gadolinite, into five enriched 
fractions. The second exp eriment, involving the separation of 
neodymium from praseodymiump was carried out in order to determine 
the amount of time necessary for the reaction 
to reach equilibrium conditions. 
Fractionation of ore sample. A neutral s olution containing 
312 grams of mixed rare earths, weighed as oxide, was obtained by 
dissolving a known larger amount of the rare earth material in a 
limited amount of hydrochloric acid and recovering the undissolved 
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rare earth. A previously prepared solution of diainmonlum 
dihydrogen ethylenediamine tetraacetate, containing the theoretical 
a~ount of EDTA required to complex the heavy rare earths in the 
mixture (75 grams), and adjusted to a pH of 10, was added to the 
rare earth solution, and the mixture diluted to 90 liters. After 
equilibration for 24 hours, the pH of the solution was adjusted 
from about 6 to 4.5 by the addition of 5 ml of concentrated hydro-
chloric acid. Following a second 24-hour equilibration period 9 
this solution was passed rapidly through a 4-inch diameter glass 
column containing a 4-foot bed of Dowex-50 resin, and the column 
washed free of complexed rare earths with pure water. The rare 
earths remainitig o~ the resin were fractionally removed by pouring 
four successive predetermined amounts of EDTA solution, which had 
been adjusted to a pH of 9.5 with ammonium hydroxide, through the 
column at a slow flow rate. Twenty-four hours were allowed for 
each fraction, so as to let the liquid remain in contact with the 
resin long enough to approach equilibrium conditions. The five 
samples were recovered and the concentration of the individual 
rare earths determined by spectrophotometric analysis. The results 
are presented in Table 13. 
Separation of neodymium from erbium. A solution of the 
neodymium-EDTA complex was prepared by dissolving 16.000 grams of 
Nd2o3 in hydrochloric acid, adding 29.64 grdms of diammonium 
dihydrogen ethylenediaminetetraacetate (not quite enough to complex 
all of the neodymium), and adjusting the pH to 4.08 with ammonium 
hydroxide. The uncomplexed neodymium was separated from the com-
plexed neodymium by passing the solution through a short column 
containing Dowex-50 resin in the ammonium cycle. Then two drops 
of 1:1 HCl were added to adjust the pH to 4.55 and the solution 
was diluted to exactly 2 liters. A 100-ml aliquot was removed 
from the solution and the rare earth recovered from the aliquot 
sample and weighed as Nd203. This analysis indicated that the 
solution contained 7.473 grams of rare earth, weighed as oxide, 
per liter. This concentration was checked by recovering the neo-
dymium which had been adsorbed onto the resin and subtracting it 
from 16.000 grams. This second analysis gave a value of 7.474 
grams of rare earth 9 weighed as oxide, per liter of solution. An 
erbium chloride solution, having an exactly equivalent molar con-
centration, was prepared by dissolving 16.983 grams of Er2o1 in 
HCl, adjusting the solution to pH 4.5 with ammonium hydroxiae, and 
diluting the solution to 2 liters. 
The experiment was performed by mlxlng 100 ml of the neodymium 
solution with 100 ml of the erbium solution and pouring the 
combined mixture quickly through a column containing enough Dowex-50 
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Table 13 
Grams of Rare Earth Oxide Recovered from One Run on Gadolinite Ore 
Sample Sample Sample Sample Sample 
Elements I II III IV v .Total 
Lu L67 L67 
Yb 14.02 L69 15.71 
Tm 1.55 1.22 2.77 
Er 5o 58 9.83 l5 o4l 
Ho Lo4 3.57 0.25 4 .86 
Dy 2.15 lLl7 9o04 0.30 22 o66 
Tb 0.06 0.13 OolO Oo75 0.69 l. 73 
Gd 7·37 5d80 l3 ol7 
Sm 3o87 5o42 9.29 
Nd 3o75 7.45 11.20 
Pr 0.37 Oo68 L05 
Ce 0.81 2o27 3~08 
La Oo8l 2.27 3.08 
y 13.81 65.17 72.80 25.8o l3 o22 l9Q o80 
Totals 39.88 92.78 82.19 37.80 296.48 
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resin in the ammonium cycle to adsorb all of the uncomplexed rare 
earth ions present in solution. The column was carefully flushed 
with pure water to remove all complexed rare earth. Both the 
rare earth fraction which passed through the resin bed and that 
which was adsorbed were recovered and the composition determined 
by spectrophotometric analysis. A second experiment was performed 
in exactly the same manner except that the mixture was allowed to 
equilibrate for 10 minutes before being passed through the ion-
exchange column. The results are presented in Table 14. 
Table 14 
Separation of Neodymium from Erbium 
Sample Equilibration Grams of Grams of 
No. time (min) R203 in R203 
mixture recovered % Er2o 3 % Nd203 
1-A o.o 
1.596 
0.841 94.8 6.4 
1-B 0.0 0.699 5.1 9~.8 
2-A 10 0.830 94.8 
-3 
1.596 
2-B 10 0.705 5.9 93.5 
Results and conclusions. The results given in Table 13 and 
Table 14 show that this method can be used to separate rapidly the 
heavy rare earths from the light rare earths (80). Such a "rough 
cut" would be very advantageous prior to separating the heavy rare 
earths from each other in high purity by other elution methods. 
It is known that the crude rare earths extracted from gadolinite 
contain, by occlusion, small amounts of beryllium, thorium, iron, 
and other impurities. Most of these impurities would not be re-
covered with the rare earths by the oxalate precipitation following 
the ion-exchange separation. This accounts for most of the differ-
ences between the 312 grams of R2o3 in the original solution and 
the 296.5 grams of R203 recovered at the completion of the experi-
ment. A very small part of the discrepancy may be due to the small 
solubility losses which occur in this type of experiment because of 
the large quantities of solution involved. 
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This method is very satisfactory for separating rare earths 
or groups of rare earths which are a considerable distance apart 
in the rare earth series, i.e., lanthanum from lutetium or 
lanthanum and cerium from ytterbium and lutetium. The method is 
not satisfactory for isolating pure rare earths from a naturally 
occurring mixture -- which always contains adjacent rare earths --
because the separation coefficients betweert the individual adjacent 
rare earths are not large enough to give a complete separation by 
the single application achieved in this type of separation. 
Elutions with iron III as a retaining ion 
Discussion of problem. It soon became evident that some 
mechanism had to be found that would allow the rare earths to be 
continually readsorbed onto the resin from the rare earth-EDTA 
complex as the rare earth band moves down the column if the rare 
earths were to be separated from each other in pure form with EDTA. 
In citric acid systems, this mechanism is provided by the acid-form 
resin ahead of the rare earth band. Acid-cycle resin cannot be 
used with EDTA because, unlike citric acid, the acid form of the 
chelating agent is quite insoluble. The stability constant of the 
iron III-EDTA complex has been found to be 1025.1 (36), much larger 
than any of the rare earth constants. An iron III bed ahead of the 
rare earth band should serve much the same function as a hydrogen 
bed for citric ac id elutions. When the tightly held rare earth 
complex comes into contact with the iron-phase resin, an exchange 
should take place and the rare earth be readsorbed; the soluble 
iron complex being swept out the bottom of the column. Those 
suppositions were tested by experimental separations and found to 
be true in part. 
Materials, apparatus. and experimental procedures. Two 
successful experiments were conducted using an iron III ion barrier. 
In the first experiment, 5.00 gra~s of Nd2o3 were mixed with 5.00 
grams of Pr6011, dissolved in hydrochloric acid, and the solution 
adjusted to a pH of 5.2 with ammonium hydroxide. A bed of 30 to 
40 mesh Dowex-50, 16 em long and 22 mm in diameter was completely 
saturated with rare earth ions (required 5.790 grams, weighed as 
oxide) by passing the above solution through the bed, followed by 
a wash of pure water to remove all unadsorbed ions. A second bed, 
20 em long and 22 mm in diameter, of 30 to 40 mesh Dowex-50 was 
completely saturated with iron III ions by passing a solution of 
reagent grade iron III nitrate through the bed, followed by pure = 
water. The bottom of the rare earth-cycle column was then con-
nected to the top of the iron-cycle column and the rare earths 
were eluted down the iron- cycle bed at 200 ml per hour with an 
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eluant of 10 grams of diammonium dihydrogen ethylenediaminetetra-
acetate per liter, adjusted to a pH of 7.95 with ammonium 
hydroxide. The eluate was fractionated into 200-ml samples. The 
composition of the individual rare earth samples, recovered from 
the eluate by oxalate precipitation, was determined by spectro-
photometric analysis. The results are shown in Table 15. 
The second successful elution was carried out with the same 
equipment and in exactly the same manner as the first experiment 
except that a flow r a te of 50 ml per hour was used rather than 
200 ml per hour. The rare earth column contained 5. 9012 grams of 
rare earth weighed as oxide. The eluate was agdin collected in 
200-ml fractions. The results from the second elution are shown 
in Table 16. 
Results and conclusions. A fair degree of separation was 
attained in these two experiments (81), but iron trailed quite 
badly into the rare ea.rth band. In t :1e se preliminary experiments, 
only short resin beds were used. Subsequent experiments with 
long er resin beds indicated that iron III is not the most de-
sirable retaining ion. It was found that the pH range of the 
eluant was very limited with the iron III system. If the eluant 
is too acidic, the acid H) 1Y tends to precipitate in the interstices 
of the resin bed and, if It is too basic, hydrous ferric oxide 
clogs the bed. Some ion having a more soluble hydroxide than iron 
III would be a more desirable choice for the retaining ion in this 
type of elution. 
Elutions with copper II as a retaining ion 
Discussion of problem. Consideration of the stability con-
stants for the EDTA complexes with the rare earths and other metal 
ions (37) shows that copper II, nickel II, and lead II should serve 
to retain a number of the rare earth ions. In solutions having an 
ionic strength of 0.1, the stability constants of the EDTA com-
plexes with these ions lie between the erbium and dysprosium 
constants. However, the relative stabilities of the EDTA complexes 
are not the only factors which determine the order of elution of 
ions from ion-exchang e beds, particularly ions of different charges. 
The general rule for the order of affinity of ions for cation ex- . 
change resins is M+4-.:> M+3 > M+2..:> M+. This means that, while 
copper II is complexed less strong ly than erbium by EDTA, the rare 
earths are, in general 9 more firmly attached to the resin. The 
two effects are complimentary and copper II can be eluted ahead 
of all of the rare earths under carefully controlled conditions. 
The following sections illustrate the conditions that are necessary 
and the results that can be achieved. 
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Table 15 
Separation of Neodymium from Praseodymium (Run I) 
Sample No. Grams of R203 % Nd203 % Pr6011 
1 0.0798 97·4 0.9 
2 0.4747 97.2 1.6 
3 0.7028 96o7 3-2 
4 0.7455 87.7 13.1 
5 0.7927 63.6 37.2 
6 0.8064 34-4 66.6 
7 · 0.8101 1)+·4 84.8 
8 0.8326 5·3 93-5 
9 0.5163 2.1 96.5 
10 0 . 0026 
Total = 5.7635 
Table 16 
Separation of Neodymium from Praseodymium (Run II) 
Sample No . GrillTls of R203 1~ Nd203 J.': Pr6011 
1 0.1200 100 
- - -2 0.6710 100 
- - -~ 0.8886 97.8 1.5 0.8652 93 .J 5.7 5 o.8L168 46.6 52.5 6 0.8457 3·3 96.7 
7 0.8434 
- - -
100 
8 0.817~ - - - 100 
9 0.010 
Total = 5.9089 
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Materials and ex erimental rocedures. A 40 to 
50 mesh bed of Dowex- O, 2 em long and 22 mm in diameter, was 
completely saturated with an approximately equal molar mixture 
of neodymium and praseodymium ions. The column was loaded from 
73 
a solution prepared by dissolving 9.00 grams of Nd203 and 9.21 
grams of Pr6011 in hydrochloric acid and adjusting tne pH to 5.0 
with ammonium hydroxide. The loaded column was flushed with pure 
water to remove all unadsorbed ions and the excess rare earth was 
recovered. A second bed of 40 to 50 mesh resin 1 67 em long and 
22 mm in diameter, was saturated with copper II ions from a solu-
tion of reagent grade copper II sulfate and washed clear of all 
unadsorbed ions with pure water. The two columns were then con-
nected in series and eluted with a solution containing 10 grams of 
diammonium dihydrogen ethylenediaminetetraacetate per liter, 
adjusted to pH 7.46 with ammonium hydroxide. The flow rate was 
maintained at a constant value of 0.3 em per minute and the eluate 
was collected in 200-ml fractions. Under these conditions, the 
rare earth-copper boundary was very sharp. Only the intermixing 
due to the tilting of the band front could be detected. The rare 
earth samples recovered from the eluate fractions were analyzed 
both spectrophotometricully and spectrographically. The results 
of this experiment are presented in Table 18. Two similar sepa-
rations were carried out using eluant pH values of 7.97 and 8.47. 
The important column loading data for all three experiments is 
presented in Table 17. The analytical results for the second and 
third separations are given in Table 19 and Table 20 respectively. 
Results and conclusions. The results depicted in Tables 18, 
19 and 20 indicate very clearly the enormous advantage that can be 
gained by using the copper-EDTA system in preference to any other 
known method for separating adjacent rare earths. It should be 
noted that the concentrations of the rare earths in the EDTA solu-
tion are about ten times as great as was found expedient in the 
citrate elutions. This increases the elution rate and decreases 
the amount of pure water needed. 
In the separation of rare earths by the various citric acid 
methods (56 9 67) 9 there are certain groups of elements which are 
very difficult to separate. These groups are lutetium-ytterbium, 
dysprosium-yttrium-terbium 9 and gadolinium-europium -samarium. 
Powell (82) has applied the copper-EDTA method to each of these 
three troublesome groups with excellent success. Powell's sepa-
rations were carried out using an eluant solution of approximately 
2% dihydrogen diammonium ethylenediaminete traacetate adjusted to 
a pH of 8.5 and a linear flow rate of 0.5 em per minute. Later 
production separations have indicated that the best results can 
be obtained with an eluant of 5 grams of the diammonium salt of 
EDTA per liter adjusted to a pH between 8.0 and 8.2. 
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Table 17 
Column Loading and Elution Data for 
Neodymium-Praseodymium Separations 
Grams of oxide adsorbed on 
primary column 
pH at which rare earth was 
loaded 
pH of solution from which copper 
II ions were loaded on 
secondary column 
pH of eluant 
Volume of elution fractions 
Grams of oxide recovered 
from eluate 
Run I 
11.8458 
5.00 
J.96 
7·46 
200 ml 
Run II 
11.6194 
4.90 
3.96 
7·97 
250 ml 
11.3 730 
Run III 
11.6017 
3.96 
8.47 
250 ml 
10 .0598-:~ 
*Some eluate solution was lost due to failure of electronic 
bottle changing apparatus. 
The operating conditions ror the copper II-EDTA method must 
be carefully controlled, but the pH range is considerably broader 
than the pH range for the iron III-EDTA method. Again, i.f the 
eluant pH is too low, the acid Hj,Y will precipitate in the resin 
bed and hamper the operation of the column. If the eluant pH is 
too high, a copper complex, cu2Y, precipitates and causes trouble. 
At a concentration of 5 grams of the diammonium salt of EDTA per 
liter, the eluant pH must not be above 8.2 or some of the heavy 
rare earths from erbium to lutetium may pass through the copper 
barrier and be lost. 
' 
: I • 
Sample No. 
1 
2 
~ 
6 
7 
8 
9 
10 . 
11 
12 
i~ 
15 
16 
17 
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Table 18 
Separation of Adjacent Rare Earth (Run I) 
Grams of R2o3 
recovered 
0.1136 
0.5830 
0.7228 
0.7153 
0.7252 
0.7230 
0.7240 
0.7214 
0.7005 
0.7056 
0.7023 
0.6817 
0.6890 
0.6894 
0.6886 
0.6926 
0.6887 
<0.08 
40.08 
,0.08 
<0.08 
"0.08 
40.08 
-.o.o8 
3 
28 
75 
98 
>99.9 
>99.9 
>99.9 
>99.9 
>99.9 
)99.9 
Separations Using HEDTA as an Eluant 
Discussion of problem 
>99 -9 
> 99 -9 
> 99 .9 
>99.9 
>99-9 
>99-9 
>99 - 9 
95 
67 
22 
2 
< 0.2 
< 0.06 
<0.06 
<0.06 
<0 . 06 
<0.06 
75 
Two important facts can be observed from Table 6 and Figure 2. 
First of all, there is no significant variation in the magnitude 
of the stability of the rare earth-HEDTA constants from samarium 
to erbium. This means that little or no separation of these 
elements from one another could be obtained by an ion-exchange 
elution when HEDTA is used as the eluting agent. The second 
important fact to observe is the very dramatic shift of the yttrium 
stability constant from its usual holmium-dysprosium region to the 
neodymium-praseodymium pegion. Since the R20i leached from gado-
linite ore contains 60j~ yttrium, 25% light raf>e earths and only 15% 
heavy rare earths, this shift presents the possibility of a very 
76 
Sample No. 
1 
2 
~ 
6 
7 
8 
9 
10 
11 
12 
13 
Sample No. 
1 
2 
~ 
5 
6 
7 
8 
9 
10 
11 
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Table 19 
Separation of Adjacent Rare K.1.rths (Run II) 
Grams of R203 
recovered 
0 .!~126 
0.~584 
0.9519 
0.9867 
0.9575 
0.9453 
0.9400 
0.9283 
0.9213 
0.9156 
0.9122 
0.9167 
0.6265 
Separation of 
Table 
1-1.d jacent 
Grams of R2o3 
recovered 
0.26~4 
1.00 4 
1.0837 
1.0816 
1.0983 
1.0496 
1.0~07 
1.0 34 
1.0437 
1.0390 
0-3180 
20 
Rare 
( 0.08 
< 0.08 
< 0. 08 
< 0. 08 
< 0. 08 
11 
~~ 
> 99.9 
, 99.9 
799.9 
)99.9 
) 99.9 
Earths 
% Pr6011 
< 0. 08 
< 0.08 
< 0.08 
< 0. 08 
19 
95 
98 
> 99.9 
> 99.9 
>99-9 
>99.9 
(Run 
>99.9 
>99.9 
::>99.9 
7 99.9 
7 99~9 
88 
3tt 
III) 
~ 0.1 
< 0.06 
< 0.06 
< 0.06 
< 0.06 
"/o Nd203 
>99.9 
>99-9 
>99-9 
>99.9 
79 
6 
4 
< 0.06 
< 0.06 
<0.06 
< 0.06 
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fast and economical removal of yttrium f rom the more desirable • 
heavy rare earth fraction of the ore. HEDTA has the advantage of 
being quite soluble in acid solutionsJ so it can be used to elute 
rare earth bands directly onto resin in the hydrogen cycle without 
any precipitation trouble. 
Materials, apparatus, and experimental procedure 
Four 4-inch Pyrex glass columns 5 feet long, filled to a 
depth of 4.5 feet with 100 to 200 mesh Dowex-50 x 12 cation ex-
change resin~ were used for the experiment. The resin in each 
column was carefully backwashed several times to insure a uniformly 
packed resin bed. The resin beds were next reconditioned by 
pouring several hundred liters of 5% ammonium citrate solution, 
whose pH was about 8, through the columns. Tne citrate solution 
was followed with 100 liters of one normal hydrochloric acid. Such 
a reconditioning removes all unwanted cations and leaves the resin 
in the hydrogen cycle. Of course, all excess acid was removed by 
washing with pure water. 
A 1500-gram sample of crude ore (RzOj) was reprecipitated to 
remove non-rare earth impurities, and 1400 grams (as R2o3 ) were 
dissolved in HCl and the solution diluted to 20 liters. The first 
of the four columns was disconnected and the resin placed in the 
rare earth cycle by passing the 20-l iter solution of m·ixed r are 
earth through it, followed by pure water to remove any excess rare 
earth ions. The rare earth in the effluent was recovered, con-
verted to oxide, and found to weigh 177 grams. Thus, 1223 grams 
(as R2o3 ) were adsorbed on the ion-exchange resin. 
The rare earth saturated column was then reconnected to the 
other three columns and the four-column system was eluted at a 
rate of 120 ml per minute with a solution containing 5 grams of 
HEDTA per liter, buffered to a pH of 8.68 with ammonium hydroxide. 
It required about 720 liters of such an eluant to displace the rare 
earth band one band length down the system. As t he eluate flowed 
from the bottom of the fourth column, it was fractionated into 
20-liter fractions. The rare earth in each fraction was recovered 
and converted to the oxide. The content of the individual rare 
earths in each fraction was determined by spectrophotometric and 
spectrographic analysis. The analytical results are presented in 
Table 21. 
• 
--.1 
Table 2l ro 
Separation or an Ore Sample with HEDTA 
Sample ~ Yb 
"'Tm ~ Er ~Eo -~ Dy "'Tb ~ Gd " Sm "' Nd "' Pr ~ Lu, Y,* No. Ce La 
l 39 8 16 2 lO 2 7 4 13 
2 13 4 30 6 29 2 lO 6 5 
3 5 2 19 7 . 37 2 23 lO l 
4 4 l lO 6 37 2 26 15 l 
5 2 l 7 5 34 2 29 20 2 
6 2 l 4 4 28 2 27 25 12 
7 2 l 3 3 20 2 27 25 20 H Cf.l 8 2 l 2 2 12 2 20 21 39 0 
14 61 I 9 ~2 l 2 l 5 2 13 0'. w 
10 2 l 2 l 4 0.8 8 8 74 --.1 
ll 2 l 2 0.5 2 0.4 4 4 85 
12 2 l 2 0.5 2 0.3 3 3 88 
13 l l 2 0.4 2 0.3 3 3 89 
14 l l l 0.3 2 O.l 3 2 0.2 90 
15 l l l 0.3 2 0.3 3 2 0.2 90 
16 l l l 0.2 2 0.2 2 l 0 . 4 92 
17 M** l l 0.2 l 0.2 l l 0.5 95 
18 M 0.6 0 .. 4 O.l O.l 0.2 l 0.7 0.4 97 
19 M 0.5 0.4 O.l O.l O.l l 0.7 l.l 96 
20 M Oo5 0.4 o .1 O.l O.l 0.7 0.6 0.8 97 
*Determined as difference. The lutetium is concentrated in samples l, 2 and 3. Almost all or 
the difference from sample 4 to sample 34 is dUe to yttrium. The cerium and lanthanum are 
concentrated in samples 35, 36, and 37. 
**Indicates maasuralble cont.ent of less than l"' . 
(" 
,_ 
Table 1!a . ~-oo;nt.:Lnueg) 
Sample ~'Yb ~ Tm ~Er ~ Ho ~Dy ~Tb ~ Gd ~ Sm tf, Nd 
No. 
21 
' 
1 
22 2 
23 3 
24 4 
25 5 
26 7 
27 9 
28 10 
29 12 
30 15 
31 20 
32 24 
- 33 30 
34 34 
35 20 
36 6 
37 3 
~ Pr ~ Lu, Y 
de La. 
99 
98 
97 
96 
95 
93 
91 
90 
88 
85 
0.3 80 
0.7 75 
3 67 
17 49 
13 67 
6 88 
4 93 
H 
m 
0 
I 
0'\ 
w 
-.:J 
-.:J 
\0 
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Results and conclusions 
The results j as indicated in Table 21J show too much trailing 
of the heavy rare earths into the yttrium region and no separation 
of any of the rare earths from samarium to lutetium. This sepa-
ration is inferior to that which can be obtained by the copper-EDTA 
method. The results do show that the yttrium is concentrated be-
tween samarium and neodymiumj thus giving support to the ·correctness 
of the yttrium-HEDTA stability constant. 
It would be helpful if a chelating agenty such as HEDTA, could 
be found which would shift the elution position of yttrium even 
farther into the light rare earth series than does HEDTA. The 
elution of the crude rare earths, as extracted from gadolinite, 
by such a chelating agent would make possible the isolation of the 
samarium to lutetium rare earths away from yttrium and the light 
rare earths. The heavy rare earth fraction could then be eluted 
by the copper II-EDTA method. This would greatly reduce the amount 
of labor and expense necessary to separate the samarium to lutetium 
rare earths away from each other in a high state of purity. It 
would be relatively simple to separate the light rare earths away 
from each other and from yttrium by the copper II-EDTA method. 
Summ ary and Conclusions 
l. A rapid method for separating rare earths into enriched 
fractions has been developed. The process consists of complexing 
part of the rare earths in a mixture -- those rare earths which 
form the more stable complexes -- with EDTA and separating the 
complexed rare earth ions from the uncomplexed rare earth ions by 
passing the mixture through an ion-exchange column in the ammonium 
cycle. The complexed ions pass through the resin bed, but the un-
complexed ions are adsorbed. 
2. A method has been found for separating pure rare earths 
in mul tigram quanti ties from rare earth mixtures. The method 
consists of eluting a band of mixed rare earths, adsorbed on a 
cation-exchange resin 9 through a second cation-exchange resin bed 
in the copper II or iron III state. Copper was found to be far 
superior to iron. The eluant consists of an ammonia-buffered 
solution of ethylenediaminetetraacetic acid. 
3. The elution of a mixture of all the rare earths down an 
ion-exchange bed with an ammonia buffered solution of HEDTA indi-
cated that this chelating agent is not as effective for separating 
the heavy rare ·earths as the EDTA- copper II system under the 
conditions tested. 
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